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The magnetic and spin dependent transport properties of artificially engineered 
antidot arrays from micron-size down to the nanoscale regime were systematically 
studied using a combination of characterization techniques and simulation tools.  
The magnetic properties of arrays of micron-size antirectangles embedded into 
continuous Ni80Fe20 films with varying interhole spacing were studied. It was 
observed that the presence of the holes completely modifies the shape of the magnetic 
hysteresis loops of the continuous film. The coercivity and remanent spin states are 
also strongly dependent on the interhole spacing and external field orientation.  
The role of current inhomogeneity on the magnetotransport properties of 
antirectangular structures was investigated in detail. It was found that the 
inhomogeneous current distribution in the structure gives rise to an unusual 
magnetoresistance response. The assertion was supported by the finite element 
simulation on current density distribution and a series of magnetoresistance 
measurements performed on small area antirectangular arrays fabricated by electron 
beam lithography. The control of the magnetoresistance response of the 
antirectangular arrays can be realized through tailoring the number of antidots along 
the transverse direction, the electrical contact geometry such as contact area and 
orientation, and the magnetic film thickness. The current inhomogeneity effect on the 
MR measurements has been further verified by a resistor network modeling based on 
Summary 
    ix
a simple circuit theory. 
The transport properties of large area nanometer-scale Ni80Fe20 antidot arrays of 
square lattice geometry fabricated using deep ultraviolet lithography were also 
systematically studied. It was shown that the magnetotransport measurement is a 
powerful and sensitive technique in mapping the magnetization reversal process in 
complex magnetic structures. Compared with the continuous film, a dramatic increase 
in coercivity in the antidot structures due to local modification of the spin 
configurations was observed, and the magnetization reversal process was found to be 
strongly dependent on the film thickness. The magnetotransport results were further 
validated by magnetic hysteresis measurements and micromagnetic simulations. 
The effect of antidot lattice geometry on the magnetic anisotropy and transport 
properties of Ni80Fe20 antidot nanostructures was studied. It was observed that the 
well-defined magnetic anisotropy distribution conforms well to the symmetry of the 
respective lattices. The magnetic hysteresis and micromagnetic simulation of the spin 
states show that the magnetization reversal processes are very sensitive to the lattice 
arrangement of the holes. It was also observed that both the current density 
distribution and the magnetoresistance behavior are markedly dependent on the 
antidot lattice geometry, in agreement with our magnetotransport simulations.  
The magnetic and transport properties of multilayer antidot nanostructures were 
also systematically investigated. It was observed that the magnetization reversal 
processes are markedly dependent on the spacer layer thickness due to the interplay of 
different interlayer coupling mechanisms. The transport properties of the antidot 
Summary 
    x
arrays typically show a superposition of anisotropic and giant magnetoresistance 
effects, and the relative magnitude of the two effects is strongly sensitive to spacer 
layer thickness. The magnetotransport behavior of the multilayer antidot arrays was 
also found to be completely different from the observations in the corresponding 
continuous films. 
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In the last decade, there has been significant interest in the properties of magnetic 
mesostructures, which have one or more structural dimensions in the micron to 
nanoscale range, both from fundamental and application view points. This interest can 
be attributed largely to the advances in novel fabrication techniques (both bottom-up 
and top-down approaches), nano-characterization techniques such as scanning probe 
microscopy (SPM), nano magneto-optical Kerr effect (MOKE) microscopy, Lorentz 
microscopy, and superconducting quantum interference devices (SQUID), and 
advances in computation power and techniques. 
Fundamentally, novel properties emerge as the lateral size of the magnets 
becomes comparable to or smaller than certain characteristic length scales, such as 
spin diffusion length and magnetic domain wall width. For low dimensional magnetic 
structures, the spin configuration and switching process are very sensitive to shape 
variation and edge roughness because of the spatially varying demagnetizing field. 
With an ensemble of such elements, the interaction among them could give rise to 
new magnetic behaviors completely different from the isolated entities. With the 
advancement of modern lithographic techniques, it is now possible to precisely 
control the size, periodicity and shape of the magnetic structures to a very small 
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physical dimension over a large area. 
Technologically, magnetic mesoscopic and nanostructures form the basic building 
blocks for various spintronic applications. In data storage applications, as the 
recording media rapidly approach the superparamagentic limit (whereby stored 
information is unstable due to thermal fluctuation), patterned media consisting of 
arrays of single domain nanomagnets have been proposed as a candidate for recording 
density up to 1 Terabit/in2 [1-2]. Another application of magnetic mesostructures is in 
magnetic random access memory, which has various advantages over conventional 
memories such as high speed, high density and non-volatility [3]. Magnetic 
nanostructures are also being explored in logic applications [4-7]. The concept of 
nanomagnetic logic devices has been validated with submicron ferromagnetic dots, 
which demonstrate the data-manipulation capability of arrays of interacting elements 
[4,7]. 
 
1.2 Why Magnetic Antidot Structures? 
There have been many studies on magnetic mesostructures, where single 
magnetic entities such as magnetic wires [8-10], dots [11-13] and rings [14-16] are 
surrounded by non-magnetic materials. The reverse structures commonly referred to 
as antidot structures, where arrays of holes (antidots) are embedded into contiguous 
magnetic material, have been studied comparably to a lesser extent. However, the 
interesting physical properties and the potential applications associated with antidots 
are attracting increasing attention. 
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From fundamental view points, the question of how these artificially engineered 
“defects” affect the macroscopic and microscopic magnetic properties of the 
continuous media is of great interest and the switching mechanism during the 
magnetization reversal process is an important issue which is still being studied 
rigorously. It has been found that the antidots can “harden” the magnetic thin film by 
pinning of the magnetic domain walls [17-20], and the size and distribution of the 
holes can greatly influence the properties of the film such as the coercive field, 
magnetic anisotropy, and magnetization reversal behavior [20-22]. Microscopically, 
the presence of ordered holes could also modify the intrinsic magnetic anisotropy of 
the film locally, inducing well defined periodic domain structures in the vicinity of the 
holes [23-25]. 
 The study of antidot structures is also of technological importance. 
Micromagnetic study of both regular and random network media by Zhu and Fang [26] 
shows that the presence of holes or antidots improves the thermal stability and signal 
to noise ratio of conventional longitudinal media. Another high-density data storage 
method based on antidot structures was proposed by Cowburn et al. [17,27], in which 
the recording bits are trapped between the consecutive square holes along the intrinsic 
hard axis of the magnetic material. A promising areal density of 750 Gigabit/in2 has 
been predicted [28]. 
In the past few years, various controlled fabrication methods for patterning arrays 
of magnetic antidot structures have been developed. These include Ultra-violet 
photolithography [23], interferometric lithography [29], X-ray lithography [30], 
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electron beam lithography [20,21], focused ion beam etching [25], alumina 
membranes [31], and polystyrene sphere templates [32,33]. With the advanced control 
of these fabrication processes, arrays of antidots with various hole shape and size, 
array periodicity, and antidot lattice geometries can be well determined. 
Understanding of both the static and dynamic properties of the magnetic antidot 
structures has been facilitated by various characterization techniques, such as 
vibrating sample magnetometer and SQUID measurements [19,30], MOKE 
microscopy [34-37], magnetic force microscopy (MFM) [23,38], Lorentz 
transmission and X-ray photoemission electron microscopy [39-41], 
magnetoresistance measurements  [21, 42], ferromagnetic resonance measurements 
[43,44], and polarized neutron and Brillouin light scattering measurements [45-47]. 
The experimental studies on properties of the antidot structures have been further 
complemented by theoretical predictions from micromagnetic simulations [48-50]. 
 
1.3 Focus of this Thesis 
This thesis attempts to further the current understanding and explore new physical 
phenomena in magnetic antidot structures. Despite the growing number of researches 
on antidot structures, there are still areas, which are not well understood and demand 
deeper exploration. This thesis is generally divided into two parts, to study the 
properties of arrays of micron-size antirectangles and arrays of nanoscale circular 
antidots. 
The first part of the thesis focuses on the magnetic and transport properties of 
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micron-size antirectangular arrays. The effect of interhole spacing will be investigated 
and the role of the current inhomogeneity effect will be systematically studied. It will 
be shown that the sign and shape of the magnetoresistance response from the antidot 
arrays can be controlled by tailoring the current density distribution in the antidot 
structures. 
In the second part of this thesis, a detailed study of the reversal processes and 
transport properties of nanoscopic antidot structures will be conducted. A wide range 
of novel magnetic and transport properties due to reduced dimensionality will be 
shown. It will be demonstrated that magnetotransport measurement is a powerful tool 
for probing the magnetization reversal processes in complex magnetic antidot 
nanostructures. During the investigation, the effect of film thickness, antidot lattice 
geometries, and film composition will be studied in detail, and it will be shown that 
these parameters strongly influence the properties of the magnetic antidot arrays. 
During the investigation of the various antidot structures, extensive simulations 
such as micromagnetic and magnetotransport simulations will be performed to 
validate experimental data and gain a further understanding of the observed results. 
 
1.4 Organization of this Thesis 
Chapter 2 reviews some past studies on the effect of inhomogeneity in 
ferromagnetic materials, the magnetic coupling mechanisms in multilayer structures, 
and spin dependent transport phenomena, which provide a theoretical framework and 
background for the experimental work to be presented in later chapters. Chapter 3 
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presents the various fabrication processes and characterization methods utilized for 
the experiments. In chapter 4, the properties of arrays of micron-size antirectangular 
antidots with varying inter hole spacing are studied, and special attention is given to 
the current inhomogeneity effect manifested by the network nature of the antidot 
structures. In chapter 5, the magnetoresistance behavior of nanoscale ferromagnetic 
arrays with a square lattice are investigated in detail. Magnetotransport measurement 
will be shown to be a powerful and sensitive technique in probing the magnetic spin 
states in the nanostructures. Chapter 6 studies the effect of lattice geometry on the 
magnetic anisotropy, current density distribution, magnetization reversal process, and 
magnetoresistance response of the antidot arrays. The magnetic and transport results 
obtained from multilayer antidot arrays of varying spacer layer thickness are 
presented in Chapter 7. Finally in Chapter 8, a summary of the main observations and 
conclusions from the data is presented, and suggestions for future experiments 











This chapter reviews past studies on the effect of inhomogeneity in ferromagnetic 
materials, the coupling mechanisms in multilayer magnetic structures and spin 
dependent transport phenomena. In the beginning of this chapter, some basics of the 
magnetic domain theories and relevant energies involved in typical ferromagnetic 
structures are covered. This leads to the past studies on domain wall pinning 
phenomenon with a focus on non-magnetic inclusions, which is followed by a brief 
review on the previous work done on antidot structures. After that, different types of 
interlayer coupling mechanisms in a typical multilayer film are introduced. Finally, 
spin dependent transport phenomena, with emphasis on anisotropic magnetoresistance 
and giant magnetoresistance effects will be presented.  
 
2.2 Magnetic Domains 
The existence of magnetic domains in ferromagnetic materials was proposed by 
Weiss as early as in 1906, when he associated the demagnetization of soft magnetic 
materials to the possible elementary regions inside the material that are magnetized in 
different directions [51]. Within each magnetic domain, the spontaneous 
magnetization has the same direction. Shown in Fig. 2.1 is the now well-known flux 
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closure domain pattern. However, direct experimental evidence for magnetic domains 
was established almost 40 years later when Williams, Bozorth, and Shockley observed 
domains in silicon-iron single crystals using the Bitter method [52]. Since then, 
domain theory has become central to the discussion of magnetization. The knowledge 
of domain distribution or spin configuration is essential in explaining the results in the 
antidot structures studied in this thesis, such as the pinning strength, magnetic 
anisotropy distribution and magnetization reversal processes. 
 
 
Fig. 2.1 Flux closure domain pattern. Black arrows indicate the magnetization 
direction within each individual domain. 
 
Domain walls are regions in the magnetic materials separating one domain from 
another as shown in Fig. 2.1, and within each wall the magnetization must change 
directions. The propagation of domain walls is a key mechanism responsible for the 
magnetization reversal process in ferromagnetic materials. In order to understand the 
distribution of domains and formation of domain walls, it is important to look into the 
magnetic energies involved. 
 
2.1.1 Magnetic Energies  
The properties of domain walls are resultants of minimization processes of 
M
Domain Wall 
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various energy terms existing in the ferromagnetic material. There are four important 
energies which are commonly discussed and they are shown as follows. 
 
Exchange energy 
The exchange energy results from the collective effect of spins interacting via the 
Coulomb interaction and the Pauli Exclusion Principle, and it can be expressed as 
,
,
2ex i j i j
i j
E J S S= − •∑  ,             (2.1) 
where Ji,j is the exchange integral, and Si is the total spins of all the electrons bound to 
the atom, or ion at the lattice site i. In a ferromagnetic material, the exchange 
interaction is typically a short range force and always tries to align the neighboring 
spins, as illustrated in Fig. 2.2. 
 




Magnetocrystalline energy, originating from the spin-orbit interaction, describes 
the preference for the magnetization to be oriented along certain crystallographic 
directions. Therefore, there is a difference in the easiness to magnetize a given crystal 
for certain directions in space, or magnetocrystalline anisotropy. 
In polycrystalline materials such as the evaporated ferromagnetic thin film 
presented later in this thesis, grain boundaries exist and different grains can have easy 
Exchange Energy Level 
Si Sj Si Sj
Low High 
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axes with different orientations, and the material is effectively isotropic in terms of 
magnetocrystalline energy. However, usually a uniaxial anisotropy, which is intrinsic 
to polycrystalline ferromagnetic films, still exists [53]. 
 
Zeeman energy 
When under the influence of an external field, the magnetic field energy, called 
Zeeman energy, is given by 
1
2H ex
E M H dv= − •∫∫∫ ,             (2.2) 
where Hex is the external applied field strength. The Zeeman energy is minimized as 
the magnetization in the magnetic structures is aligned with the direction of the 
external field. 
 
Magnetostatic energy  
Magnetostatic energy, which originates from the classical dipolar interaction, 
arises mainly from having a discontinuity in the normal component of magnetization 
across an interface. The interface could be the physical boundary of the sample or a 
transition between two domains. It is a self-energy due to the interaction between the 
magnetic moment of the object and its own field. The magnetostatic energy could be 
evaluated in the form of volume integral as 
1
2M d
E M H dv= − •∫∫∫ ,             (2.3) 
where M refers to the local magnetization and Hd is the demagnetizing field generated 
by the sample. The effect of magnetostatic energy is to minimize the surface charges, 
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which in most cases are responsible for the subdivision of magnetic materials into 
domains with different spin orientations, as illustrated in Fig. 2.3. 
 
Fig. 2.3 Illustration for the high magnetostatic energy state of a magnetized structure, 
and flux closure domains where the magnetostatic energy is effectively zero. 
 
If a model of uniformly magnetized prolate ellipsoid is considered (Fig. 2.4), the 
magnetostatic energy cost can be written as a function of magnetization direction as, 
2 2( ) sin
2M a c s
VE N N M θ= − ,            (2.4) 
where Nc and Na are the demagnetizing factors along the semi-major and semi-minor 
axis [54]. In this case, the magnetostatic energy creates a uniaxial anisotropy with the 
preferred axis or easy axis along the semi-major axis. This dependence of the 
magnetostatic energy on the shape of the object is anisotropic, which is called shape 
anisotropy. The effect of shape anisotropy is important in governing the magnetization 
reversal process and spin states for magnetic mesostructures such as dots and wires 
[55,56]. 
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If we consider a reverse structure to Fig. 2.4 such as a non-magnetic inclusion or 
a cavity in a fully magnetized material shown in Fig. 2.5, the magnetostatic energy 
could be taken as a superposition of uniform magnetization in the material and an 
ellipsoid of the same size with opposite magnetization. The resultant magnetostatic 




Fig. 2.5 A cavity inside a fully magnetized material. The magnetostatic energy is 
equivalent to the superposition of a uniformly magnetized material with no cavity and 
the magnetized solid body with the reverse magnetization. 
 
2.2.2 Domain Wall Configurations  
The detailed properties of domain walls can be obtained by minimizing the 
magnetic energies involved. Shown in Fig. 2.6(a) is a simple domain wall model, 
where the spins in the neighboring domains are opposite (180°) along the uniaxial 
anisotropic axis. The energy terms involved here are the exchange and anisotropy 





II Literature Review 




KE E E JS
a
δπ
δ= + ≈ + ,           (2.5) 
where a is the lattice constant, and K is the anisotropy constant. The energy is 





δ π ⎛ ⎞= ⎜ ⎟⎝ ⎠ ,               (2.6) 





(b)          (c) 
Fig. 2.6 (a) Bloch domain wall (b) Néel wall (c) Cross-tie wall 
M M
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 The domain wall configuration in Fig. 2.6(a) is called Bloch wall, which is 
typically characterized by the gradual spin angular displacement in the plane of 
surface normal. However, in the case of ferromagnetic thin films, due to the large 
demagnetizing factor along the surface normal, Néel walls with magnetization 
transition in the film plane or more complicated cross-tie domain walls could also 
occur as illustrated in Fig. 2.6(b)-(c) [57]. In the actual ferromagnetic materials or 
patterned structures, other types of domain wall configurations such as 90° domain 
walls shown in Fig. 2.1 and head-to-head walls [58,59] are also possible as a result of 
the competition from the various energy terms. 
 
2.3 Domain Wall Pinning 
In this section, past studies on the effect of defects in the ferromagnetic materials 
are reviewed with a focus on non-magnetic inclusions or cavities as they are 
associated with the antidot structures introduced later. In an ideal crystal, the 
movement of a domain wall such as the 180° domain wall shown in Fig. 2.6(a), is 
reversible and requires an infinitesimal magnetic field. However, in real materials, the 
existence of imperfections, such as grain boundaries, precipitates, inclusions, and 
surface roughness, can lower the domain wall energy at a particular position in the 
material, or they can repel the continual wall motion by placing a barrier in front of 
the wall [60]. This hindrance to the domain wall propagation, or the so called domain 
wall pinning, is usually responsible for the coercivity in soft magnetic materials, and 
is one of the sources of the well-known Barkhausen jumps [61]. 
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The investigation of the effect of inclusions in ferromagnetic material can be 
traced back to as early as 1940s, when the inclusion theory of domain-wall pinning 
was suggested by Kersten [62]. He approached the pinning effect by considering the 
lowering of the net wall “volume” (energy) when the wall contains a spherical 
inclusion, as illustrated in Fig 2.7(a)-(b). For a non-magnetic spherical inclusion with 
radius r, the reduction in wall energy (Ew) can be shown as 
2
wE rγπ= ,               (2.7) 
where γ is the wall energy density. 
 
 (a)           (b) 
 
       (c)           (d) 
Fig. 2.7 (a)-(b) A schematic illustration of a moving domain wall before intersecting a 
non-magnetic inclusion and resting on the inclusion respectively (c)-(d) the surface 
charge distribution before and after the intersection of the wall with the inclusion 
  
 Néel [63] later pointed out that free poles on an inclusion could be a far greater 
source of energy. An inclusion entirely within a domain, as shown in Fig. 2.7(c), has 
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M rE π= ,              (2.8) 
where Ms is the saturation magnetization of the material, and r is the radius of the 
inclusion. When the wall bisects the inclusion in (d), the poles are redistributed and 
the magnetostatic energy is approximately halved. 
If we compare the two pinning effects by taking the ratio of the energy reduction 








γ= = ,             (2.9) 
which is proportional to the radius of the inclusion. This implies that the 
magnetostatic energy becomes the dominant source of energy reduction at larger 
inclusion size.  
Néel also pointed out that the magnetostatic energy of an inclusion isolated in a 
domain could be further decreased by subsidiary spike domains formed on the 
inclusion, and the domain wall pinning could be a result of the subsidiary domains 
interacting with the moving domain wall, as shown in Figs. 2.8 (a)-(b). The 
experimental observation of the spike domain was later reported by Williams [64], 
and a two spike domain was observed as sketched in Fig. 2.8(c). 
 
Fig. 2.8 (a)-(b) Spike domain and closure domain on an inclusion as suggested by 
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In real magnetic materials, the defects are randomly distributed and each domain 
wall is intersected by a number of them. The domain wall pinning introduced by the 
collection of these inclusions is responsible for an increase of the coercivity in soft 
ferromagnetic materials. Theoretical treatments on the statistically distributed 
inclusions based on both the theories proposed by Kersten and Néel show that the 
coercivity has a positive correlation to the size and density of the inclusions [65,66]. 
With the advancement of numeric methods in computing, these theories have also 
been verified by modern computer simulations [67,68]. 
 
2.4 Antidot Arrays 
With the advances in nanofabrication and other controlled fabrication 
techniques, it is possible to create artificially engineered defects in thin films in a 
well-controlled fashion, which opens up another dimension for the study of the effect 
of defects in thin magnetic films. Antidot arrays studied in this thesis are a good 
example to illustrate such an effect. In contrast to the non-magnetic inclusions 
commonly studied in bulk materials, the lithographically defined antidot arrays are 
usually well ordered and highly symmetric. The volume density of the antidots can 
also be controlled precisely. In most of the studies, it has been found that the presence 
of antidots exhibits a much more enhanced effect in modifying the properties of thin 
ferromagnetic films than the randomly distributed non-magnetic inclusions do to bulk 
materials [69-71].  
 As compared with continuous films, antidot arrays are usually characterized by a 
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dramatically increased coercivity. The magnitude of the coercivity is dependent on the 
size, depth and distribution of the holes [28,30,72,73], which most of time is 
qualitatively in agreement with the non-magnetic inclusion theories presented above. 
For instance, a linear increase in coercivity of the iron film versus the inverse of 
circumferential distance between the circular antidots has been observed [30]. In the 
study of a Permalloy film embedded with square holes, it was found that the coercive 
force increases as the antidot size is reduced with fixed size to separation ratio [21]. 
On the other hand, the presence of the holes can also modify the intrinsic anisotropy 
of the film due to the strong shape anisotropy imposed by the hole arrays. As a result 
of the competition between various magnetic energies, regular magnetic domains are 
commonly observed in the proximity of the holes. The detailed local domain patterns 
nucleated at remanence depend on factors such as the shape, size, and density of the 
holes, and hole lattice symmetry [24,41,48,74].  
 
2.5 Coupling in Multilayer Films  
When two magnetic materials share an interface, be it direct or indirect, 
additional interlayer coupling energies need to be taken into consideration when 
studying the properties of these structures. We only discuss the multilayer structures 
of the simplest form, bilayer ferromagnetic films, and trilayer structures which consist 
of two ferromagnetic layers separated by a non-magnetic layer. The most commonly 
studied interlayer couplings in these systems are direct exchange coupling, orange 
peel coupling, RKKY (Ruderman-Kittel-Kasuya-Yosida) coupling, and interlayer 
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magnetostatic coupling. 
 
2.5.1 Direct Exchange Coupling  
If two different ferromagnetic materials share an interface, the two layers are 
usually directly exchange coupled. Figure 2.9 illustrates an example of a soft film 
placed on a hard film with positive exchange coupling. For a film thickness far below 
a critical value, it is expected that the two films act as a single film with a coercive 
force falling between those of the individual films [75]. The magnetization in the soft 
film exhibits a continuous rotation as in Bloch walls during the reversal process. In 
spin-valve structures, when the non-magnetic layer thickness is small, direct coupling 
through pinholes in the non-magnetic spacer layer may occur, resulting in a 
ferromagnetic coupling between the two magnetic layers [76]. 
 
Fig. 2.9 Configuration of the magnetization in an exchange coupled film. 
 
2.5.2 Orange Peel Coupling 
In a trilayer structure of average crystallographic quality, orange peel coupling, 
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initially described by Néel [77], is another source of ferromagnetic coupling. In 
multilayers, the roughness of the interfaces is often correlated from one interface to 
the other by the very fact that the thickness of the layers is uniform, as shown in Fig. 
2.10. Dipolar interactions between the magnetostatic charges which appear on the 
interface give rise to a ferromagnetic coupling between the magnetic layers. 
Quantitatively, describing the interfacial roughness as a sinusoidal function of 
amplitude h and wavelength L, it can be shown using Néel’s model [78] that the 
resultant dipolar coupling between the magnetic layers across a non-magnetic layer of 
thickness ts is given by 
2
2 2 2 22 exp( )ss
thJ M
L L
ππ −= .           (2.10) 
In general, this coupling usually manifests itself at greater spacer layer thickness than 
the direct coupling in trilayer structures. 
 
 
Fig. 2.10 The onset of orange peel coupling in a trilayer structure. 
 
2.5.3 RKKY Coupling 
RKKY coupling is usually observed in trilayer structures of high structural 
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non-magnetic layer thickness [79], as shown in Fig. 2.11. So the resultant coupling 
may be ferromagnetic or antiferromagnetic, depending on the thickness of the spacer 
layer. Theoretical models relate the period of the oscillations with certain details of 
the Fermi surface [80]. This coupling strength is usually effective in the range of a 
few nanometers. In samples of very good structural quality, the superposition of a 
number of periods of oscillation may be observed. 
 
 
Fig. 2.11 The RKKY coupling strength J between the two ferromagnetic layers as a 
function of thickness of the non-magnetic spacer layer in a trilayer structure. 
 
 2.5.4 Interlayer Magnetostatic Coupling 
When two FM layers are separated by a non-magnetic layer, magnetostatic 
coupling can also arise as a result of the stray magnetic field at the edges of the two 
magnetic layers [81]. This long-range interaction tends to couple the magnetization in 
the two FM layers in an anti-parallel fashion to reduce the magnetostatic energy of the 
overall system, as illustrated in Fig. 2.12. 
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Fig. 2.12 The charge distribution and magnetostatic energy levels for the parallel and 
anti-parallel alignment of the FM layers in a trilayer structure. 
 
2.6 Spin Dependent Transport Phenomena 
Spin dependent transport phenomena cover a general description of 
magnetoresistance (MR) and Hall effects associated with the magnetization of the 
material, including anisotropic MR (AMR), giant MR (GMR), tunneling MR [82], 
and the planar Hall effect [83]. In this section, only AMR and GMR phenomena will 
be introduced, as they were used for the interpretation of our MR measurements on 
the antidot arrays in this thesis. 
 
2.6.1 Anisotropic Magnetoresistance (AMR) 
The discovery of the AMR effect can be traced back to as early as 1857, when 
Thomson observed that the resistivity of a ferromagnetic material depends on the 
angle between the current and magnetization direction [84]. The AMR effect can be 
described from a simple model shown in Fig. 2.13. When a sense current with density 
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satisfies 
2M HM M
ρ ρ ρ⊥ • ×= • = + +j M M jE j j Mρ ,         (2.11) 
where ρ⊥ is the resistivity for current direction perpendicular to the magnetization, ρM 
is an intrinsic coefficient and ρH is the Hall resistivity. It is evident that the total 
resistivity measured along the current is dependent on the angle (θ) of the current 
density with respect to the magnetization, which is the so called AMR. The AMR 
resistivity can be obtained by taking 
2 2
( ) //2 ( ) cos cosjθ
ρ ρ ρ ρ θ ρ ρ θ⊥ ⊥ ⊥•= = + − = + ∆E j ,      (2.12) 
where ρ// is the resistivity when the current direction is parallel to the magnetization.  
 
 
Fig. 2.13 Schematic illustration for the AMR effect 
 
Figure 2.13 illustrates AMR in its simplest case for a uniform magnetization. In 
multi-domain structures as usually observed in practice, the AMR depends on the 
distribution of domains and the orientation of the magnetization in each domain with 
respect to the direction of the measuring current. In a more complicated case where 
M jθ
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current density is not uniform, as studied in chapter 4, the current density distribution 
in the structure has to be taken into account. The MR responses obtained from the 
single layer ferromagnetic antidot arrays in this thesis are explained based on the 
AMR effect. 
 To understand the microscopic origin of the AMR effect, it is necessary to look 
into the electron state properties of the magnetic materials. Magnetic transition metals 
such as those studied in this dissertation have both d and s states at the Fermi level 
(EF), and the overlapping of s and d states at EF leads to hybridization of these states 
so that the free electrons get easily scattered into more localized d states. At 
temperatures well below the Curie temperature, the spin direction of the charge 
carriers is conserved during most scattering events. The charge carriers having spin up 
and spin down can thus be represented as two independent spin paths along which 
conduction can take place, as suggested by Mott [85]. The Mott’s two-current model 
however only leads to isotropic conductivities. To explain the anisotropic MR, the 
spin-obit interaction (SOI) as first proposed by Smit [86], has to be taken into 
consideration. The interaction shifts the energy of the electron by:  
kL S= •E vv                 (2.13) 
Where k is a constant involving nuclear parameters, L
v
 is the orbital angular 
momentum of the electron, and S
v
 is the spin magnetic moment of the electron. This 
energy makes a contribution to electrons in the magnetization-controlling d states by 
mixing spin-up and spin-down states so that additional s-d scattering channels are 
possible. The new SOI scattering processes have been found to be dependent on the 
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angle between current and magnetization (θ) following a cos2θ variation, which 
corresponds well to the phenomenological model in Eq. 2.12 [60]. A more thorough 
and quantitative treatment on AMR effect can be found from Ref. [87] and references 
there cited.  
 
2.6.2 Giant Magnetoresistance (GMR) 
In 1988, Baibich et al. [88] reported a decrease of resistivity almost by a factor of 
2 at 4.2K in a field of 20 kOe in Fe/Cr multilayers. It was found that the resistivity of 
the structures was strongly associated with the relative orientation of the 
magnetization in successive ferromagnetic layers, which signaled the discovery of 
GMR. For the GMR effect to occur in multilayer systems, usually two ferromagnetic 
(FM) layers separated by a non-magnetic conducting spacer layer are needed. The 
resistivity is a maximum when the directions of the magnetization in the two FM 
layers are anti-parallel and a minimum when they are parallel, as illustrated in Fig. 
2.14. The phenomenological dependence of the resistivity on the relative orientation 
(α) of the magnetization in the two FM layers can be written as 
( ) // cosG G Gαρ ρ ρ α= + ∆ ,             (2.14) 
where ρG// is the resistivity for ferromagnetic layers with parallel magnetization, and 
∆ρG is the difference in resistivity between the anti-parallel and parallel magnetization 
cases.  
The origin of the GMR effect can be attributed to the spin-dependent scattering of 
the conduction electrons at the interface, in the bulk of the layers, and modulation of 
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Fig. 2.14 Illustration of GMR effect in a trilayer magnetic structure consisting of two 
FM layers separated by a non-magnetic conducting layer. 
 
The measurement of the GMR effect can have two configurations, namely 
“current-in-plane” (CIP) geometry where current essentially flows parallel to the 
plane of the layers (as illustrated in Fig. 2.14), and “current-perpendicular-to-plane” 
(CPP) geometry, where current flows along the plane normal. In this thesis, the CIP 
geometry will be used for the MR measurements in multilayer antidot structures in 
chapter 7.  
 
2.7 Summary 
This chapter has reviewed previous studies on the effects of inhomogeneity in the 
ferromagnetic materials, the energies involved in multilayer magnetic structures and 
spin dependent transport phenomena, which provide a theoretical framework and 
background for the experimental work presented in later chapters. It includes 
magnetic domain theories, magnetic domain walls, and domain wall pinning effects 
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due to non-magnetic inclusions. After a review of the ferromagnetic antidot structures, 
various magnetic interactions in a multilayer film are introduced. Lastly, topics on 
spin-dependent transport phenomena are reviewed. 






This chapter introduces the advanced fabrication and characterization techniques 
for the antidot structures studied in this thesis. Ultra Violet (UV) photolithography, 
KrF Deep UV lithography and electron beam lithography are the main fabrication 
techniques adopted for the patterning process. The deposition of the materials was 
realized by e-beam and thermal evaporation method. The quality of the deposition is 
enhanced by the specially-designed collimating sample holder. Various 
characterization techniques such as scanning electron microscopy, scanning probe 
microscopy, vibrating sample magnetometer measurements, and magnetotransport 
measurements, were employed to probe the properties of the antidot structure. 
 
3.2 Fabrication Processes 
The processes for fabricating micron or nanoscale ordered antidot structures in 
this thesis are through the so called top-down approach, which is based on the idea of 
patterning on a large scale and reducing the lateral dimensions using lithography 
techniques. A typical flow of fabrication process is illustrated in Fig. 3.1. It can be 
generally divided into five steps, namely wafer cleaning, resist coating, lithography 
and resist development, deposition, and liftoff. The lithographic technique is the core 
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in the fabrication flow. In this thesis, three different types of lithographic techniques 
were utilized, namely Ultra-violet (UV) photolithography, KrF deep UV (DUV) 
photolithography, and electron beam lithography (EBL). As most of the processing 
parameters are strongly dependent on the lithography adopted, the fabrication process 
will first be introduced according to the type of lithographic technique. 
 
 
Fig. 3.1 A typical flow of fabrication process for an antidot sample 
 
3.2.1 UV Photolithography 
UV Photolithography is the process of transferring the patterns from the mask to 
the substrate coated with UV light-sensitive resist. In this thesis, large area arrays of 
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fabrication process, the wafers were cleaned with the standard degreasing procedure 
by ultrasonic agitation in acetone, isopropanol (IPA) soaking, and blow-drying with 
nitrogen gas.  
 
Fig. 3.2 Illustration of a binary mask for a typical UV lithography process. 
 
Positive PFI (Performance I-line) photoresist was coated on the wafers for 
lithographic patterning. The resist was dispensed on the wafer, which was then spun 
at a constant speed of 6000 rpm on a spin coater. After oven baking at 90°C for 30 
minutes, the coated wafers were exposed to UV light with a wavelength at 365 nm. 
The exposure was carried out using direct contact printing in a Karl Suss MA6 system. 
For a normal UV process, a binary photomask, which is composed of quartz and 
Chromium (Cr) features as shown in Fig. 3.2, is used. UV light passes through the 
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the transparent quartz is thus exposed, and is later removed in AZ-300 MIF solvent 
diluted with de-ionized water at a ratio of 3:1 during the development process. 
 
3.2.2 KrF Deep UV Photolithography 
In order to achieve deep submicron features with clear edge definition over a 
large area, KrF Deep UV photolithography was used. To create patterns in resist, the 
substrate was coated with a 60 nm thick anti-reflective layer, which was used to 
reduce substrate reflectivity, and help to eliminate both standing waves and swing 
curves. This was followed by a 480-nm-thick positive DUV photoresist, which allows 
for the fabrication of the nanostructures with high aspect ratio. A Nikon lithographic 
scanner with KrF excimer laser radiation at a wavelength of 248 nm was used in 
exposing the resist. Arrays of nanoscale antidots studied in Chapter 5-7 were 
patterned using this technique. 
During the exposure, the alternating phase shift mask replaces the binary 
photomask used in normal UV lithography. In binary photomasks, there is significant 
intensity even below the opaque Cr areas, due to the very close proximity of the 
neighboring clear quartz region as illustrated in Fig. 3.2. This unwanted energy affects 
the quality of the resist profiles, which should ideally be vertical. The phase shift 
mask is designed to sharpen the resist profile, which allows smaller features to be 
patterned. The mask consists of alternating areas of Cr and π-shifted quartz to form 
features on the wafer, as shown in Fig. 3.3. Cr areas on the mask are bordered on one 
side by quartz of phase 0, and on the other side by quartz of phase π. As the electric 
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field swings from positive to negative, it passes through zero. The intensity, which is 
proportional to the square of the electric field, also goes through zero, allowing very 
sharp pattern edges on the wafer.  
 
 
Fig. 3.3 Illustration of a phase shift mask for a typical deep UV lithography process. 
 
In the KrF photolithography process, two consecutive exposures were conducted 
to enhance pattern uniformity, using opposite foci [91]. The double exposure method 
was employed to compensate the phase imbalance between opposite phases and 
improve the roughness on the sidewalls [92]. The Deep UV technique used in this 












Etched quartz  
(π phase shift) 
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3.2.3 Electron Beam Lithography (EBL) 
EBL offers higher patterning resolution than optical photolithography because of 
the shorter wavelength possessed by the electrons that it employs. In addition, EBL 
does not require the use of a physical mask. Although photolithography is a fast way 
to fabricate large area patterns, it is unfavorable for flexible designs due to the 
immutable photomask. Hence EBL was utilized to pattern small area antidot 
structures with various customized designs, which will be introduced in chapter 4. 




Fig. 3.4 Schematic illustration for a typical e-beam writing process. 
 
The desired patterns were initially designed using a Computer Aided Design 
(CAD) system, and input to a computer console which issues the writing instructions 
to the EBL system. During the lithographic process, an electron beam (e-beam) is 
scanned at a controlled rate over the electron sensitive resist, diluted polymer PMMA 
e-beam
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(polymethyl methacrylate) 950 in this case, following the preset coordinates, as 
shown in Fig. 3.4. As EBL is a serial writing process, the throughput is very low. The 
resist areas interacting with the electrons were thus exposed and patterns were formed. 
The samples were then developed in MIBK solvent diluted with IPA at a ratio of 1:3 
and rinsed in IPA. 
 
3.2.4 Deposition and Liftoff 
This section introduces the deposition technique used in this thesis. To ensure the 
quality of the deposition, a custom-made sample holder was designed to improve the 
uniformity of the film and liftoff process.  
Materials were deposited on patterned wafers in an EV 2000 evaporator system 
from Korean Vacuum Technology as illustrated in Fig. 3.5. The system comes with a 
two-boat thermal evaporation and a six-pocket e-beam evaporation component, and is 
capable of evaporating numerous materials without breaking the vacuum condition. 
Target materials are kept at the bottom of the vacuum chamber; while wafers are 
pasted onto the three self-rotating holders, which in turn are mounted on the ceiling of 
the chamber. The self-rotating holders are also orbiting about a central axis at the 
same time during evaporation, as shown in the figure. 
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Fig. 3.5 Schematic diagram for the evaporator system used for the deposition. The 
sample used for deposition is usually pasted directly onto the self-rotating holder, 
which induces thick side wall coating around the resist patterns, as shown in the 
bottom right of the illustration. 
 
The base pressure for the evaporation is as low as of the order 10-7 Torr, and this 
is achieved by a turbo pump and a rotary pre-pump. Two evaporation modes were 
employed for various materials. In this thesis, materials with low melting point, e.g. 
Copper (Cu) and Gold (Au) were thermally heated up by large alternating current (ac). 
The magnetic materials are usually of high melting point (e.g. Cobalt (Co) and 
Ni80Fe20), and they were melted by a focused e-beam. The materials were vaporized at 
sufficiently high temperatures and then cooled down on the wafer to form a thin film. 
During evaporation, the wafer holder was rotated at 50 rad/min to attain spatially 
uniform deposition. The deposition rate was monitored through the quartz crystal 
microbalance measurements. 
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Fig. 3.6 Schematic illustration for the effect of the collimating holder (right). With 
control of the incidence angle of the material flux, the side wall coating is greatly 
reduced (left). 
 
The self-rotating sample holders were initially designed to give good step 
coverage. This is unfavorable in the patterned antidot arrays in this thesis, because it 
causes side wall coating during evaporation as illustrated in Fig. 3.5, which is 
detrimental to the uniformity of the film surface. It also makes the liftoff difficult later, 
as the resist removing agent cannot easily penetrate into the resist layer. This problem 
becomes especially serious in the case of nanoscale ordered arrays and patterns with 
thicker films. To reduce the step coverage, a collimating holder was designed as 
shown in Fig. 3.6. The 15 mm thick holder consists of a few openings (5mm2) and the 
patterned samples are suspended above the openings. This design restricts the 
incidence angle of the incoming material and allows only material in the paths around 
the surface normal to reach the sample. With the modified holder, the liftoff process 
was observed to be much easier, and patterned nanostructures with larger film 
thicknesses and better uniformity were achieved. 
The deposition was followed by a liftoff process to remove the excessive material 
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resist was etched, the excess material lost the adhesion to the substrate and was 
removed. The wafers patterned by the positive PFI photoresist or EBL resist were 
lifted off in acetone and then rinsed in IPA. The wafers patterned by DUV resist were 
lifted off in IPA. Mild ultrasonic agitation was also used to assist the liftoff process. 
 
3.3 Characterization Techniques 
This section describes the various advanced characterization tools used in this 
thesis to probe the properties of the ferromagnetic antidot arrays.  
 
3.3.1. Scanning Electron Microscopy (SEM) 
 
 
Fig. 3.7 Schematic diagram of the electron and sample interaction. 
 
SEM is a powerful tool for analyzing samples over a wide range of scales (from 
millimeter to nanometer scale). Due to the extremely small wavelength of the 
electrons, SEM can resolve feature sizes down to nanometer scale. Basically, SEM 
works by illuminating a specimen using a focused electron beam. Particles carrying 
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3.7. For example, Auger electrons and X-rays carry the characteristic energy, and can 
be used for element identification; the fractions of back scattered electrons can 
determine the average atomic number; secondary electron intensity is used for surface 
topography. 
 
       
Fig. 3.8 Schematic illustration for a typical SEM system 
 
 A JSM 6700F SEM from JEOL was used to study the microstructure of fabricated 
samples through the detection of secondary electrons. As illustrated in Fig. 3.8, the 
incident e-beam is generated by a field-emission gun, where an accelerating voltage 
of a few kilovolts is applied between extraction electrode and a sharp tungsten tip. To 
reduce the ion bombardment on the electron gun and minimize the electron scattering 
in the chamber, the working pressure in the chamber is about 10-6 Torr. During the 
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measurements, the electron probe, which is controlled by a scanning coil, scans the 
samples. To obtain the topography information, a detector, consisting of a scintillator 
and a photomultiplier, is used to detect the secondary electrons emitted from the 
sample surface. The electrical signals from the detector are processed and finally 
displayed on a computer screen. The resolution of the SEM images is strongly 
dependent on the accelerating voltage. In this thesis, the SEM used for imaging the 
antidot samples has the resolution up to 2-3 nm. 
 
 
3.3.2 Scanning Probe Microscopy (SPM) 
SPM consists of a family of microscopy forms where a sharp probe is scanned 
across a surface and some probe-sample interactions are monitored. By using such a 
probe, we are no longer restrained by the wavelength of light or electrons. The 
resolution obtainable with this technique can reach atomic level, and 3-D maps of 
surfaces are possible. The two primary forms of SPM are scanning tunneling 
microscopy (STM) and atomic force microscopy (AFM). Other forms of SPM are 
also available, such as magnetic force microscopy (MFM), lateral force microscopy, 
force modulation microscopy, electric force microscopy, near-field scanning optical 
microscopy, etc. The Digital Instrument TM 3100 SPM system used in our experiments 
is capable of performing both AFM and MFM measurements. We will focus on these 
two techniques. 
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Atomic force microscopy (AFM) 
AFM works by scanning a cantilever with a sharp tip at its end, typically 
composed of silicon or silicon nitride with tip sizes of the order of nanometers over 
the sample surface. As the tip is repelled by or attracted to the surface due to atomic 
forces, the cantilever beam deflects. The magnitude of the deflection is captured by a 
laser that reflects at an oblique angle from the very end of the cantilever to a photo 
detector, as shown in Fig. 3.9(a). A plot of the laser deflection versus tip position (line 
scan) on the sample surface provides the resolution of the hills and valleys that 
constitute the topography of the surface. 
 
 
    (a)         (b) 
Fig. 3.9 (a) Schematic illustration of a typical AFM measurement (b) Illustration for 
the two-pass method of the MFM operation. 
 
There are two modes usually used for AFM scanning, namely contact and tapping 
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contact with the surface continuously. Whereas in tapping mode the AFM cantilever is 
vibrated at its resonant frequency and positioned above the sample surface, and the tip 
is only in contact with the surface intermittently. This helps to reduce the shear force 
associated with the tip movement. The tapping mode was employed to scan the 
topography of the fabricated antidot samples as it causes less damage to the sample 
surface. 
 
Magnetic force microscopy (MFM) 
MFM images the spatial variation of magnetic forces on a sample surface. For MFM, 
the tip is coated with a ferromagnetic thin film. Hence the MFM tip has larger radius 
of curvature and lower spatial resolution as compared with an AFM tip. It operates in 
the range where the atomic force is negligible, detecting changes in the resonant 
frequency of the cantilever induced by the magnetic field's dependence on 
tip-to-sample separation. The phase difference between the oscillations of the 
cantilever driving piezo and the detected oscillations is used for MFM detection. The 
output signal of MFM can be used to map the magnetic domain distribution in 
magnetic materials. An important problem in MFM is the separation of the magnetic 
image from the topography. To produce a “clean” image, the magnetic measurements 
are executed by means of a two-pass method, as shown in Fig. 3.9(b). In the first pass 
the topography is determined by tapping mode. In the second pass the cantilever is 
lifted to a selected height (∆Z), which must be large enough to eliminate the atomic 
force for each scan line, and scanned using the stored topography. As a result, both the 
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height-image and the magnetic image are obtained simultaneously with this method. 
 For AFM, the lateral spatial resolution of the image is markedly dependent on the 
piezoelectric material used as well as the tip diameter. However, the vertical 
resolution is in the range of 0.01 nm. For MFM, the image quality is associated with 
the sensitivity of the tip as well as the sample properties. For a sensitive MFM tip and 
a sample of strong magnetic surface charges, the image contrast is of high signal to 
noise ratio. The tip diameter of used for all the MFM images in this thesis is in the 
range of 45 nm to 50 nm. 
 
3.3.3 Vibrating Sample Magnetometer (VSM) 
VSM is a common method for characterizing large-area magnetic materials using 
an induction technique. Only average properties of the samples can be measured. The 
VSM used for this thesis is model EV5 from Digital Measurement Systems. The basic 
construction of the VSM system is shown in Fig. 3.10.  
 





III Experimental Techniques 
    43
A pair of electromagnets provides a magnetic field which can be adjusted in a 
wide range (-1.4T to 1.4T). The sample is suspended between the two electromagnets 
and is magnetized by the applied field. During the measurements, the magnetic 
sample is driven by a resonator, which oscillates at a fixed frequency in the vertical 
direction. As a result, the magnetic flux through the pick-up coils is altered, inducing 
an alternating current with an effective voltage. The voltage has the same frequency 
of vibration and its amplitude is proportional to the magnetic moment, as 
U=k ωm,               (3.1) 
where m is the magnetic moment of the sample, k is a coefficient which is usually 
calibrated using a standard sample, and ω is the resonating frequency. By detecting 
and amplifying the ac voltage using a lock-in amplifier, the magnetic moment is 
converted to a dc signal, which will be mapped to the magnetic moment from the 
calibration parameters. The magnetic hysteresis loop and angular remanence 
measurements for the antidot arrays in this thesis were obtained using VSM.  
 For the VSM measurements, the magnetization signal is strongly dependent on 
the strength of the magnetic flux emanated from the surface. Thus, for the same 
material, a high signal-to-noise ratio data is obtained for sample with large film 
thickness. The noise can also be reduced after average measurements of signals. The 
VSM measurements in chapter 4 to 7 are repeatable; the noise is well controlled to 
around 0.2% of the signal level, which is almost negligible when compared with the 
switching in the M-H curves. 
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3.3.4 Magnetoresistance (MR) Measurement System 
It is well known that the electrical properties of magnetic materials are associated 
with their magnetization. Their magnetic behavior can thus be indirectly investigated 
by detecting and analyzing the electrical signals, namely MR measurement. MR 
measurement is a ubiquitous technique for magnetotransport research, especially on 
galvanomagnetic effects. The flexibility of the electrical measurements enables the 
MR measurements to probe not only the local magnetic signals but also obtain the 
average magnetic behavior of the structure over a large area. 
In order to carry out MR measurements, electrical contact pads formed by Cr/Au 
were defined on the antidot samples by optical lithography. The patterned sample was 
then mounted onto the cavity of a twenty-four-pin chip carrier, as shown in Fig. 3.11. 
The device and the package were connected through very thin Au wires during the 
wire bonding process. A wire bonder (model: 4524AD from Kulicke & Soffa) was 
used to form tight bonds between the Au wires and the pads typically through a 
combination of thermal compression and ultrasonic motion. 
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Fig. 3.12 The schematic illustration for the fully automated in-house developed MR 
measurement setups 
 
For our in-house developed MR measurement system, the chip carrier is clipped 
tightly onto a holder standing between the poles of two electromagnets, so that the 
magnetic field can be applied. The electromagnet is driven by a bi-polar dc power 
supply (model: 36-12M from Kepco), and the magnetic field strength is monitored 
through a Gaussmeter (model: 450 from Lakeshore). The holder sits on a fully 
automated rotary stage (model: ESP300 from Newport) so that the orientation of the 
samples can be easily and accurately adjusted in plane. Electrical connections from 
the twenty-four-pin chip carriers were extended from the mechanical contact of the 
holder to a Bayonet Neill Concelman (BNC) socket board, where electrical 
connections to the instrument are made. For the electrical setup, a constant dc current 
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the device. A nanovoltmeter (model: 2182 from Keithley) was used to capture the 
voltage signal levels. The complete setup is illustrated in Fig. 3.12. 
In order to improve the efficiency and accuracy of the measurements, the 
experimental setup was complemented by software control. I have written various MR 
characterization programs using LabView code from National Instrument to automate 
the measurement process. The fully functional codes were written to communicate 
with the equipment and control the experiment flow. Data acquisition is done through 
the general purpose interface bus (GPIB) communication channel. Fig. 3.13 shows a 





Fig. 3.13 Snapshot of the user interface for one of the MR measurement programs 
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 The MR measurements reported in this thesis are repeatable, and the sensitivity is 
limited by the thermal noise. This can be improved to a certain extent by averaging 
the data points. The thermal noise becomes more apparent (as reflected by the 
unsmoothness of the curve) when the MR variation is limited to a small range. The 
thermal noise in our MR curves is about 0.001% of the average resistance, which is 
well below the MR signal level. 
 
3.4 Summary 
We have introduced the fabrication process and characterization techniques used 
in this thesis. For the fabrication process, three different types of lithographic 
techniques were utilized, namely UV photolithography, KrF DUV photolithography, 
and EBL. They were selected based on the dimension of the antidot features, and the 
design flexibility requirements. Various characterization tools, such as SEM, SPM, 
VSM, and MR measurements, were used to probe the properties of the antidot arrays. 
In-house development was carried out to improve the experiment outcome, such as 
the specially-made collimating holder for film deposition, and implementation of 
software programs for fully automated MR measurements. 
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4 
Magnetic and Magnetoresistance Behavior of 
Antirectangular Ni80Fe20 Arrays 
 
4.1 Introduction 
In this chapter, the magnetic properties of arrays of antirectangles (2×10 µm2) 
embedded into the contiguous Ni80Fe20 films with the interhole spacing in the range of 
2-6 µm have been investigated. It was observed that the presence of the rectangular 
holes strongly modifies the shape of the magnetic hysteresis loop as compared with 
the continuous film of the same thickness. Specifically, we observed a dramatic 
increase in coercivity with the reduction of interhole spacing due to local magnetic 
domain wall pinning, in agreement with our magnetic force microscopy images. The 
presence of antidot arrays also modifies the shape and sign of the magnetoresistance 
curves of the continuous film and gives rise to interesting multiple harmonic 
components in the field orientation dependent MR measurements. 
The role of current inhomogeneity on the magnetotransport properties of antidot 
structures was also investigated. We found that the resistor network nature of the 
antidot structures causes the presence of two orthogonal channels of current. Useful 
physical parameters for controlling the MR response have also been identified from 
the systematic studies. They include the number of antidots along the transverse 
direction, electrical contact geometries such as contact area and orientation, and film 
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thickness. The current inhomogeneity effect on the MR measurements has been 
further verified by the finite element simulation of current density and a resistor 
network modeling based on simple circuit theories. 
 
4.2 Experimental Processes 
The large area magnetic antirectangular array structures were fabricated on 
undoped Si(100) substrates without oxidation treatment by optical lithography, 
followed by deposition of Ni80Fe20 materials using the electron beam technique. After 
deposition, the patterned films (4×4mm2) were soaked in acetone for liftoff. A 
schematic of the geometry of the fabricated structure is shown in Fig. 4.1(a).  
 
 
Fig. 4.1 (a) Schematic illustration of the antirectangular structures (b) SEM image of 
an 80-nm-thick Ni80Fe20 antirectangular arrays with interhole spacing s = 2 µm. 
 
The arrays of antirectangles (2×10 µm2) have inter hole spacing dx and dy. In 
our study, equal spacing (dx = dy = s) is varied in the range of 2-6 µm. A scanning 
electron micrograph (SEM) of an antirectangular array with spacing s = 2 µm with 
(a) (b) 
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good edge definition is shown in Fig. 4.1(b). The magnetic hysteresis loops were 
obtained by vibrating sample magnetometer (VSM). Magnetic domain structures were 
obtained using Digital InstrumentsTM NanoScope scanning probe microscopes 
dimensionTM 3100. LiftMode of the system was used with lift scan height in the range 
of 35-50 nm. 
 
 
Fig. 4.2 The schematic illustration for the electrical contacts on the antirectangular 
structure. 
 
In order to probe the transport properties of the fabricated antirectangular 
array structures, electrical contacts of size 250×250 µm2 were made using standard 
optical lithography, metallization, and liftoff of 10 nm (Cr) /300 nm (Au), as 
illustrated in Fig. 4.2 using dark squares. For the magnetotransport experiments, a 
constant dc current of 1mA was passed between electrical contact pads 1 and 4, and 
the voltage was measured across contact pads 2 and 3. During the MR measurements, 
the resistance was recorded automatically using the four-point probe technique as the 
in-plane magnetic field was swept at a constant rate. The devices were mounted on an 
automated rotary stage that allows for the easy rotation of the devices in the magnetic 
y 
x 
2 1 4 3
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field. In order to correlate experimental results with finite element simulations, a 
series of small area antirectangular patterns were defined on oxidized silicon substrate 
using electron beam lithography (EBL), and characterized by MR measurements. All 
the measurements in this chapter were performed at room temperature. 
 
4.3 Magnetic Properties of Antirectangular Structures 
In this section, the magnetic hysteresis properties and the remanent MFM 
images for the antirectangular arrays with varying inter hole spacings for different 
field orientations are introduced. 
 
4.3.1 Field Applied along the x Direction 
Shown in Fig. 4.3 are representative magnetic hysteresis loops from 
80-nm-thick Ni80Fe20 antirectangular arrays as a function of the interhole spacing, and 
a reference film for the in-plane magnetic field applied along the x direction. The 
coercivity and shape of the magnetic hysteresis loops is markedly modified by the 
presence of nonmagnetic holes as compared with the continuous film. There is a 
marked increase in coercivity as the interhole spacing is reduced, from 13 Oe for s = 6 
µm to 33 Oe for s = 2 µm. Specific features associated with both the nucleation and 
pinning fields can be easily identified. The strong modification in the magnetic 
hysteresis loop of the continuous film is because the artificially engineered hole 
defects act as nucleation centers, which pin the local domain walls between the edges 
of the holes. The increase in coercivity with reduced interhole spacing can be 
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attributed to the increasing pinning strength in the vicinity of the holes due to the 
effect of the local dipolar field. This is in agreement with most studies of the magnetic 
properties of symmetric antidot arrays [21,93]. 
 
Fig. 4.3 Representative magnetic hysteresis loops for fields applied along the x 
direction for the 80-nm-thick Ni80Fe20 antirectangular arrays as a function of interhole 
spacing and the reference film. The insets are the remanent MFM images. 
 
Shown in the inset of Fig. 4.3 are the corresponding MFM images for various 
interhole spacing. The quasi-static imaging technique was used in which an external 
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magnetic field of 1 kOe was applied along the x direction and then reduced back to 
zero. An image was then taken in zero field. We observed clear pinning of the domain 
wall in the vicinity of the holes in agreement with our VSM measurement of an 
increase in coercivity. The magnetic domain structures generated by the rectangular 
hole arrays can be explained in terms of competition between exchange energy, 
intrinsic anisotropy of the film, and shape anisotropy originating from 
demagnetization effects at the holes edges. MFM investigation reveals a strong 
dependence of the remanent domain structure on the interhole spacing. When the 
interhole spacing is 2 µm, a well defined magnetic domain wall running from edge to 
edge of adjacent antirectangles is observed. As the interhole spacing is increased to 6 
µm, magnetic domain walls running diagonally from corner to corner of adjacent 
rows of antirectangles. 
 
4.3.2 Field Applied along the y Direction 
Figure 4.4 shows the corresponding magnetic hysteresis loops measured when 
the field is applied along the y direction as a function of the interhole spacing and the 
reference film. As in Fig. 4.3, we observed that the coercivity increases as the 
interhole spacing is reduced, and the shape and details of the loops are also found to 
be strongly dependent on the interhole spacing. However, we found that the hysteresis 
loops and the MFM images are also dependent on the field orientation. As can be seen 
from the figures, a squarer loop is observed for field applied along the long edge (x 
direction) of the holes than the short one (y direction) for each spacing, which implies 
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that the x direction is the more preferred axis for the magnetization.  
 
Fig. 4.4 Representative magnetic hysteresis loops for field applied along the y 
direction for the 80-nm-thick Ni80Fe20 antirectangular array as a function of interhole 
spacing and the reference film. The insets are the remanent MFM images. 
 
Magnetic domain images obtained at remanence using MFM are shown in the 
inset of Fig. 4.4. A field of 1 kOe was applied along the y direction to saturate the 
samples and reduced back to zero before the images were taken. Again domain walls 
are seen in the vicinity of the holes. When the field is reduced to zero, the 
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magnetization  between the edges of the holes are aligned along the edges due to the 
strong shape induced magnetic anisotropy for s = 2 µm, which results in an MFM 
image having similar domain structures to the corresponding pattern shown in Fig. 4.3. 
As the interhole spacing is increased to 4 and 6 µm, the domain distribution is more 
complicated, and spreads throughout the antirectangular arrays. For s = 4 µm, we 
observed regular stripe domains between the long edges of the antidots, and almost 
evenly distributed square domains along the transverse direction. For s = 6 µm, the 
magnetic domains start to become irregular with no well defined patterns. The 
evolution of the MFM images may be attributed to the fact that the shape anisotropy 
is weaker for larger separation between holes, and the magnetic topography is thus 
disturbed more by the intrinsic anisotropy of the continuous film for larger interhole 
spacing. 
 
4.4 Magnetoresistance in a Sweeping Field 
 This section describes an unusual magnetoresistance behavior obtained from the 
antirectangular arrays. Shown in Figs. 4.5(a)-(d) are representative normalized MR 
curves obtained as the external field (H) is swept along the sense current (i) direction 
(the x direction in this case) for various interhole spacings. This MR measurement 
configuration (H//i) is commonly called longitudinal MR (LMR) measurement. The 
magnitude of the current used for the measurements was 1 mA. The normalized MR 
ratio is defined as  






−∂ = × ,             (4.1) 
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where R(H) is the resistance of the sample at a given magnetic field, and R(Hsat) is taken 
as the resistance at the largest applied field. 
 
Fig. 4.5 Normalized magnetoresistance versus magnetic field for 80-nm-thick 
Ni80Fe20 antirectangular arrays as a function of interhole spacing and the reference 
continuous film for (a)-(d): fields applied along the x direction and (e)-(h): fields 
applied along the y direction. 
 
The striking feature from these curves is that the presence of rectangular holes 
completely modifies the shape and sign of the MR response in the reference 
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film displays a low switching field as shown by the two dips and is characterized by a 
typical negative MR ratio, which is due to the conventional anisotropic 
magnetoresistance (AMR) effect. The presence of holes, however, not only increases 
the switching field values of the continuous film, but also reverses the sign of MR 
variation by showing a positive MR ratio at low field.  
The corresponding responses from the MR measurements where fields applied 
along the direction transverse to the current (the y direction in this case) are shown in 
Figs. 4.5(e)-(h). This measurement configuration (H⊥i) is usually referred to as 
transverse MR (TMR) measurement. For the TMR curves, it was observed that the 
signs of the curves remain the same for both the antidot arrays and the continuous 
film, which is different from the corresponding LMR curves.  
The observation of the strange MR responses exhibited by the antirectangular 
arrays here cannot be readily explained by the AMR effect as in the case of 
continuous film. In previous transport studies on antidot arrays [19,21], there have not 
been any reports of a complete positive LMR curve. However, since only the 
magnetization distribution changes with the external sweeping field during the MR 
measurements in Fig. 4.5, we will first probe how the nucleation of the domain walls 
in the vicinity of the holes play a part in this unusual behavior. 
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4.5 Domain Contribution to MR 
In order to further explore the contribution by the magnetic domains on the 
transport properties, we have carried out a systematic study of the field orientation 
dependent measurements. It is known that the resistance of a ferromagnetic film can 
be described as 
2cosR R R α= + ∆⊥ ,             (4.2) 
where α is the angle between the current density and magnetization, R is the film 
resistance and //R R R⊥∆ = −  represents the conventional AMR effect [87].  
In this experimental setup, a fixed magnetic field was applied while the device 
was rotated through 360° and the resistance was recorded automatically. The idea is to 
use the angular dependent AMR to probe the domain contribution. If the applied field 
is greater than the saturation field, it is expected that R-α relation will follow cos2α 
dependence based on AMR effect. Departure from this behavior would indicate a 
contribution by domain nucleation due to the extra anisotropy imposed by the 
presence of antirectangular array. 
 
4.5.1 Angular MR on Antirectangular Arrays with s = 2 µm 
 Shown in Fig. 4.6 is the representative resistance (R) versus applied field 
orientation θ (θ is the angle between the direction of magnetic field and the sense 
current) for Ni80Fe20 antirectangular arrays with s = 2 µm as a function of the 
magnitude of the applied field. The simulation results based on conventional AMR 
dependence are plotted as solid lines for direct comparison. It should be noted that 
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field orientation θ is usually not equal to α in Eq. 4.2 below the saturation field.  
 
Fig. 4.6 Resistance versus field orientation for 80-nm-thick Ni80Fe20 antirectangular 
arrays with s = 2 µm as a function of the applied field strength. The black dots (•) are 
the experimental data points while the solid lines (—) are the theoretical curves based 
on the AMR effect. The fitted curves, modelled based on a combination of AMR and 
magnetic domain wall contribution, are shown as blue circles (o). 
 
We observed from the R-θ curves a marked departure from AMR angular 
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the antirectangular arrays is parallel to the external field. This observation reveals that 
there are definitely some other contributions to the transport measurements presented 
so far, and in later sections it will be clearly shown that it is due to the inhomogeneous 
current density distribution effect in the antidot arrays. However, it does not affect the 
analysis of the contribution of the magnetic domains at low fields in the current setup. 
As the field applied is reduced to 1 kOe as shown in Fig. 4.6(b), the onset of the local 
minima in resistance at θ = 0°, 180°, 360° and local maxima at θ = 45°, 135° and 225° 
is observed. This initial departure from the AMR behavior at a field strength of 2.2 
kOe could be attributed to the magnetization very close to the edges of the holes 
deviating from the field due to the high demagnetizing field. Further investigation 
revealed that the behavior of the departure is sinusoidal with respect to the field 
orientation, and the experimental R-θ curves obtained from the antirectangular array 
can be modeled using 
2 2
( ) cos sin 2H lR R R Rθ θ⊥= +∆ +∆ ,         (4.3) 
where ∆Rl is the difference in resistance between the experimental data and the 
theoretical curve based on an ideal AMR dependence at θ = 45° as shown in Fig. 
4.6(c). The extra term, ∆Rl, represents the factor mainly due to magnetic domain 
formation around holes at different field strength in the antirectangular array. The 
curves fitted based on Eq. 4.3 are shown in Fig. 4.6 as the blue circle line. As can be 
seen, there is a good agreement between the calculated results and the experimental 
data. 
 Further reduction in the magnitude of the field leads to a decrease in the 
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theoretical AMR contribution (∆R), as can be seen from (b)-(c).  As the field 
decreases to about 200 Oe in (d), ∆R almost vanishes, and we observed a 90° 
periodicity from the curve. As the magnitude of the field is lowered to 160 Oe, the 
initial local minimum points in (a)-(c) continue to decrease, and become global 
minimum points in the curve, as shown in Fig. 4.6(e), resulting in a 90° phase shift as 
compared with (c). 
 
4.5.2 Continuous Reference Film 
 
Fig. 4.7 Resistance versus field orientation for 80-nm-thick Ni80Fe20 reference film as 
a function of the applied field strength. The black dots are the experimental data 
points while the solid lines are the calculated results based on AMR dependence. 
 
Shown in Fig. 4.7 for direct comparison are representative R-θ curves for the 80 
nm Ni80Fe20 reference film as a function of fixed field strength. As expected, we 
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strength as low as 20 Oe. This is because the contribution of magnetic domains to the 
overall resistivity at those field ranges is negligible. 
  
4.5.3 Determination of Domain Wall Pinning Strength 
We also found that the relative strength of the domain wall depinning field due to 
the presence of holes can be determined by the extent of departure of the R-θ curves 
from conventional AMR response at a particular low field value for different antidot 
structures.  
 
Fig. 4.8 Resistance versus field orientation for 80-nm-thick Ni80Fe20 antirectangular 
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Figure 4.8 shows the R-θ curves for different interhole spacing in a magnetic 
field at 200 Oe. We show clearly that the shape of the curve at fixed field is very 
sensitive to the interhole separation due to different pinning strengths. As can be seen 
from the figure, the curve is least deformed for s = 6 µm, and the largest departure 
from the ideal AMR model occurs for s = 2 µm in this case. This indicates that the 
pinning strength is greater for the smaller interhole spacing, which is consistent with 
previous VSM and MFM observations. The technique presented here may be used to 
probe pinning and depinning mechanism in complex magnetic structure. 
 
4.6 Effect of Current Inhomogeneity 
In section 4.4, we reported an unusual positive LMR behavior from the 
antirectangular structures. Though the magnetic domains formed around the holes are 
responsible for the variation of the resistance in the MR curves, the fundamental 
question of why this positive LMR behavior results still remains unresolved. The 
deviation of angular AMR curves from the ideal cos2θ variation at saturation field in 
Fig. 4.6(a), however, gives us an insight into the fact that the other physical parameter 
in the AMR effect, current density distribution, may give rise to the observed effect. 
In this section, we will perform systematic experiments and simulations on the 
antirectangular arrays of the same antirectangle size as in previous sections for inter 
hole spacing s = 2 µm, and show that the current inhomogeneity effect is responsible 
for the unusual LMR response observed. 
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4.6.1 Two Orthogonal Channels of Current 
Figure 4.9 shows the normalized MR curves of the 20-nm-thick continuous 
reference film and antirectangular structure (s = 2 µm) as a function of the angle θ 
between the magnetic field and direction of the sense current (the x direction). For 
clearness of the curves, only the low-field-range MR curves are shown here.  
 
Fig. 4.9 Normalized MR curves for 20-nm-thick Ni80Fe20 continuous film (shown in 
o) and antirectangular film for s = 2 µm (shown in •) as a function of  the angle θ 
between the magnetic field and the x direction.  
 
The MR curves for the continuous film can be well explained by the AMR 
theory, with a negative MR response for the LMR measurement (θ = 0o) and a 
positive one for the TMR measurement (θ = 90o). For the 20-nm-thick Ni80Fe20 
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completely reversed as compared with the corresponding continuous film. For the 
TMR measurements, although the sign is kept the same, the curve has a slight but 
visible dip after the field crosses zero. These observations suggest a probable 
involvement of a competing AMR component, which makes a positive contribution to 
the LMR curve, and a negative contribution to the TMR curve. This competing AMR 
component could be introduced if there is a fraction of the sense current in an 
orthogonal direction (along the y direction), as in the study on ferromagnetic 
castellated wires [94]. The antirectangular arrays can also be taken as cross-linked 
periodic orthogonal wire arrays, which is capable of providing current paths along 
both the x and y direction. As the size of the electrical contacts (250×250 µm2) is 
much smaller compared to the array dimension (4×4 mm2) as shown in Fig. 4.2, the 
electrical potential between the electrical contacts may not drop strictly along the x 
direction due to the availability of alternative paths. In order to distribute the current 
to the portion of the arrays not directly in between the electrical contacts, 
perpendicular current channels along the vertical wires may be introduced. Hence, the 
antirectangular arrays in this case function as a resistor network, and the resultant MR 
response could come from two orthogonal channels of the sense current.  
 
4.6.2 Finite Element Simulations on Current Density Distribution 
 In order to verify our hypothesis, we performed finite element simulation of the 
current density distribution on small area antirectangular structures with the same 
dimensions as in Fig. 4.1 without taking into account the galvanomagnetic effect in 
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the ferromagnetic material. The current density distribution was calculated by solving 
Poisson’s equation using the ANSYS finite element software [95]. As the network 
structure of the antirectangular arrays can be decomposed into rows of longitudinal 
wires interconnected via cross junctions, we will start from the building block 
geometry, a single wire periodically modulated by cross junctions. Fig. 4.10(a) 
illustrates the case where the current is passed along a single wire modulated by three 
junctions. The arrows represent the current flow at each location, and their length 
indicates the magnitude. It can be seen that the current density is uniformly distributed 
along the wire, with a small amount diverted at the junctions. Fig. 4.10(b) shows the 
scenario when the current is applied in all the wires simultaneously for the 
antirectangular structures consisting of three rows of longitudinal wires. The current 
density distribution in this case is similar to that in a single wire. The crosstalk of 
current from the adjacent wires at the cross junctions is negligible, as the majority of 
the current diverted at the junction is limited to the close vicinity of the wires, which 
can also be seen from Fig. 4.10(a). Due to the similar current density distribution, it 
may be concluded that any differences in the MR response for these two structures 
should come mainly from the magnetization reversal processes and not from the 
current distribution. Shown in Fig. 4.10(c), is the current density distribution of the 
antirectangular structures with the electrical contacts made to the middle wire only. 
The current initially has to redistribute itself in all the longitudinal wires through the 
vertical wires by splitting at the first junction. In the middle part of the structure, the 
current distribution follows the previous case in (b). At the last junction, all the 
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current components meet at the middle wire again. It can be seen that the detailed 
current density distribution has been markedly modified by the placement of the 
electrical contacts to the structure, as compared with Fig. 4.10(b). In this way, we 
introduce an additional current path along the vertical direction, which probably is 
responsible for the positive LMR response observed before. 
 
Fig. 4.10 Electrical current density distribution simulations on (a) one Ni80Fe20 wire 
modulated by three cross junctions (b) three wires interconnected via cross junctions 
as current flows in all the wires simultaneously (c) three wires interconnected via 
cross junctions as current is passed through the middle wire. The grey rectangles 
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4.6.3 Experimental Verification of Current Inhomogeneity 
Further experimental work was carried out to verify the simulations in Fig. 4.10 
by fabricating small area antirectangular arrays using electron beam lithography 
correspondingly, and their SEM images are shown in Fig. 4.11.  
 
Fig. 4.11 SEM images of (a) single 20-nm-thick Ni80Fe20 wire modulated by ten 
equally spaced cross junctions (b) antirectangular structures composed of ten 
modulated wires interconnected via the cross junctions with electrical contacts 
overlapping all the wires (c) ten interconnected wires with electrical contacts 
overlapping the middle wire only. 
 
Shown in Fig. 4.11(a) is a single wire modulated by ten equally-spaced cross 
junctions. The optically defined contact pads overlap the two ends of the wire. Fig. 
4.11(b) shows the structure with ten rows of wires connected via the cross junctions 
with the electrical contacts overlaying all the longitudinal wires, therefore, allowing 
the current to be passed simultaneously to all the wires. For (a) and (b), the contact 
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structure in Fig. 4.11(c) is generally similar to Fig. 4.11(b), except the electrical 
contacts are connected to the middle wire only. In this way, two groups of orthogonal 
current flow are introduced during the transport measurements according to the 
current density simulation in Fig. 4.10(c). 
 
Unidirectional current flow 
 
Fig. 4.12 (a)-(c) Normalized MR curves for the 20-nm-thick Ni80Fe20 antirectangular 
arrays corresponding to the geometry in Fig. 4.11(a) as a function of field orientation 
θ. (d)-(f) Normalized MR curves corresponding to the geometry in Fig. 4.11(b) as a 
function of field orientation θ. 
  
Figs. 4.12(a)-(c) show the MR curves as a function of the direction of the 
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the current is mainly along the wire, the general features of the MR response are 
similar to the single ferromagnetic wire case [55]. For example the negative MR for 
the LMR measurement (θ = 0°), and positive bell-like shape MR for the transverse 
measurement (θ = 90°). However, for θ = 0°, due to the magnetic shape anisotropy 
induced by the vertical wires, 45° domain walls start to emerge at the junctions as the 
magnitude of the applied field is decreased [96]. Thus, unlike the single wire case, we 
observed a decrease in the resistance long before the field crosses the zero field, 
which is ascribed to the reduction of the angle between the magnetization direction 
and current at the junctions. For θ = 45o and 90o, the magnetization reversal process is 
dominated by the spin rotation in the longitudinal wire as we observed a wide range 
of reversible behaviour at high field, as shown in Figs. 4.12(b)-(c). The MR curves for 
the antirectangular arrays in Fig. 4.11(b) are shown in Fig. 4.12(d)-(e) respectively. 
From the figures, we observed that the responses are generally in agreement with the 
single wire case, although there are differences in the detailed features, which could 
be attributed to the change in magnetization reversal processes. This observation is 
also consistent with the finite element simulations shown in Fig. 4.10. 
 
Orthogonal current flow 
 As the current is fed into the structure in Fig. 4.11(c) through the wire in the 
middle, the split of the current causes the LMR (θ = 0o) response to be dramatically 
modified, as shown in Fig. 4.13(a). At saturation field, the magnetization of the 
antidot structure is aligned along the x direction. The longitudinal wires have 
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maximum resistance, due to the current being parallel to the magnetization. However, 
the resistance of vertical wires at the entrance and exit are minimum because the sense 
current at these locations is perpendicular to the direction of the magnetization. The 
overall effect is that at high field, the resistance of the structure is high but not 
maximum because of the contribution of the AMR effect from the vertical wires.  
  
Fig. 4.13 Normalized MR curves for the 20-nm-thick Ni80Fe20 antirectangular arrays 
corresponding to the structure shown in Fig. 4.11(c) as a function of field orientation θ. 
The insets on the upper right panel of the graphs are the quasistatic MFM pictures 
captured after removal of a saturation field along θ. The white arrows in the MFM 
images indicate the magnetization directions around the holes. 
 
When the field starts to decrease, the resistance of the vertical wires increases 
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minimize the magnetostatic energy. The MR behaviour of the longitudinal wires 
follows that shown in Fig. 4.12(d), and the resistance is nearly constant, because the 
magnetization of the longitudinal wires remains along the x direction (except a slight 
decrease at junctions) when the field is reduced. Hence, the overall resistance of the 
structure increases monotonically up to zero field. When the applied field is increased 
in the other direction, the magnetization reversal in the longitudinal wires becomes 
evident, as signified by the dip at low field in Fig. 4.13(a). As the field increases 
further in magnitude, the resistance drops again due to the increase in the angle 
between the current and the magnetization of the vertical wires. Thus, we have shown 
that the combined AMR effects from the orthogonal current components constitute 
the observed MR behaviour. In the case of antirectangular arrays studied here, the 
positive contribution from the vertical wires dominates the negative one, giving rise to 
an overall positive MR ratio.  
 Shown in Fig. 4.13(b) is the MR response when the field is applied at θ = 45o. At 
high field, both orthogonal current components are at 45o relative to the direction of 
the magnetization. The overall resistance value of the structure is intermediate. As the 
applied field is reduced to zero, due to the shape anisotropy, the magnetization will 
collapse along the easy axes of the respective wires. This leads to maximum 
resistance in both the longitudinal and vertical wires (except at the junctions), because 
the magnetization is collinear with the current. It was also observed that the 
inhomogeneous current density distribution results in a much smaller drop in 
resistance after the field crosses zero, as compared to a distinct dip in Fig. 4.12(e). 
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 In Fig. 4.13(c), we present the MR response for field applied perpendicular to the 
sense current. At high field, as expected, the resistance of the longitudinal wires is 
minimum because the current is perpendicular to the magnetization. However, the 
resistance of the vertical wires is maximum because the magnetization direction is 
parallel to the current, and hence the overall resistance is low but not minimum 
because of the contribution from the y direction. As the applied field is reduced, the 
reversal of the magnetization in the longitudinal wires dominates the overall MR 
response this time, resulting in a high resistance at low field. 
 One interesting finding here is that the resistance of the antidot arrays at remanent 
state should be similar regardless of the field direction due to the magnetization 
constrained by the shape of the wires. This has been verified by our quasi-static MFM 
images obtained after the removal of a saturation field along the three directions, 
which are shown as insets of Fig. 4.13. From the images, we can see that the zero 
field spin configurations for the three cases are quite similar with 45° domain walls 
formed at the junctions, and no visible domain is observed between the longer edges 
of the antirectangles.  
 The arguments used to explain the MR behaviour in Fig. 4.13 hold for the 
observation for large area antirectangular arrays shown in Figs. 4.5 and 4.9. In short, 
positive LMR behaviour results because the higher resistance configuration occurs 
around remanence where the magnetization is collinear with current almost 
throughout the structure. However, the AMR contribution from the vertical wires for 
the large area antidot is more prominent than that for the small area counterpart, 
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resulting in a complete positive MR for the LMR and visible drops in resistance at 
low field for the TMR measurements. This may be attributed to the difference in 
current density distribution, which is dependent on the antirectangular array area, and 
the position and size of the electrical contacts. 
 
4.7 MR Simulation on the Current Inhomogeneity Effect 
In this section, we present a simulation model, which is especially useful for the 
study of the current inhomogeneity effect presented in the last few sections on antidot 
structures. It makes use of the resistor network nature of the antirectangular structure 
and is able to predict the MR behavior of the antirectangular structures with various 
design and contact geometries. This quantitative approach enables us to analyze the 
influence of parameters which could be used to engineer the MR behavior of the 
antirectangular arrays. Here, the effect of the number of antidots along the transverse 
direction and electrical contact area on the LMR curves will be studied, which agrees 
well with the experiments. This model is also not limited to the small area 
antirectangular arrays, but is also extendable to large area antidot arrays which will be 
shown in the next section. 
 
4.7.1 Resistor Network Model  
The idea of taking antidot arrays as a resistor network provides us with a 
simplified way to model the magnetoresistance behavior in these structures. In order 
to evaluate the resistance of the structure, we use basic circuit theory by decomposing 
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the network into elementary magneto-resistors.  
 
Fig. 4.14 (a) The schematic illustration of an antirectangular array consisting of three 
longitudinal wires modulated by five cross junctions. The arrows indicate the 
direction of the current flow. (b) The schematics of antirectangular arrays with 
vertically disconnected junctions. (c) The transitional circuit diagram where 
longitudinal wires are taken as magnetoresistors Rl(H). (d) The equivalent circuit 
diagram of the antirectangular arrays in (a). Rv(H) takes into account the 
magnetoresistance of the vertical wires at the input and output junctions. 
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shown in Fig. 4.14(a). The three longitudinal wires of the structure can first be 
disconnected from each other at the cross junction areas due to the negligible 
crosstalk between the consecutive longitudinal wires, as shown in Fig. 4.14(b).  
The longitudinal wires thus could be taken as resistors (Rl(H)) connected in a 
parallel fashion as shown in Fig. 4.14(c). However, the resistance of the vertical wires 
at the input and output junctions cannot be ignored, as it has been shown that their 
contribution to MR can be significant. The resistance of the vertical wires is taken 
into account by inserting an additional resistor between the nearest longitudinal 
resistors, and Fig. 4.14(d) illustrates the final equivalent circuit diagram of the 
antirectangular structures shown in (a). 
The MR response of the antidot arrays can therefore be calculated once the 
resistance of Rl(H) and Rv(H) at a certain field value (H) is known. For the antidot 
arrays in Fig. 4.14(d), the overall resistance R(H) can be evaluated from 




l H v HH l H
R RR R
= ++ .            (4.4) 
Now the problem lies in finding the values for Rl(H) and Rv(H). If the longitudinal 
MR response (θ = 0°) of the network is to be analyzed, the values of Rl(H) and Rv(H) 
could be calculated as, 
( ) _ ( )(1 )l H l l LMR HR R MR= × +             (4.5) 
( ) _ ( )(1 )v H v v TMR HR R MR= × + ,            (4.6) 
where Rl and Rv are the resistance of the Rl(H) and Rv(H) at saturation field, and 
MRl_LMR and MRv_TMR are the normalized MR of Rl(H) and Rv(H) as fields are swept 
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along the x direction. To simplify the calculations, the values of Rl and Rv can be 
roughly taken to be proportional to the length of the respective longitudinal and 
vertical wire segments, since we are interested in the normalized MR behavior. 
MRl_LMR can be obtained from the normalized experimental LMR curves of the 
antirectangular arrays with unidirectional current flow in Fig. 4.12(d). This curve is 
reproduced in Fig. 4.15(a). For the vertical resistor Rv(H), MRv_TMR can similarly be 
determined from the TMR measurements of the antirectangular arrays with current 
flow along the y direction, as shown in Fig. 4.15(b). 
 
Fig. 4.15 The normalized (a) LMR curve and (b) TMR curves of the 20-nm-thick 
Ni80Fe20 antirectangular arrays used for the MR simulation for Rv(H) and Rl(H). The 
schematic diagrams to the right of the curves illustrate the measurement 
configurations used to obtain the corresponding curves. 
 
The overall MR response of the antirectangular arrays can thus be computed by 
substituting the values obtained from Eq. 4.5 and 4.6 into Eq. 4.4 for each field value. 
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interesting change in the curve shape as the design of the antirectangular structures is 
varied. To facilitate the calculations, a MATLAB code was written to carry out the 
modeling as attached in Appendix A. We will examine the effect of two parameters, 
the number of transverse antidots and electrical contact area, on the LMR response of 
the antirectangular networks. 
 
4.7.2 Effect of the Number of Transverse Antidots 
The simulation was applied to the arrays of rectangles with the same hole size 
and inter hole spacing as in Fig. 4.11(b). We vary the number of antidots along the 
transverse direction by simply changing the number of longitudinal wires (L), as 
illustrated in Fig. 4.16(a). In the modeling, L was varied in the range from 1 to 41 
while the number of vertical wires was fixed at 10 and the input and output wire 
connected to the electrode was kept as one. The simulated LMR curves as a function 
of L are shown in Fig. 4.16(b). We clearly observed the competition of the positive 
and negative MR components reflected in the shape of the curves with increasing L. 
As L increases from 1 to 5, though the overall MR curve is still dominated by the 
negative MR, the positive MR is observed at the background. It results in a slope at 
intermediate field range, and a subsequently reduced magnitude of the dips. As L is 
further increased, the LMR curve ratios are reversed to completely positive, and the 
strength of the positive MR becomes stronger as the curves are characterized by 
generally higher positive MR ratios. The magnitude of the two dips due to the AMR 
from the longitudinal wires at low fields continues to reduce with L, however they are 
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still visible. To test the validity of the model, a group of antirectangular structures 
with similar designs used for the simulation in (b) were fabricated using EBL, and the 
experimental normalized LMR curves are presented in Fig. 4.16(c). As can be seen 




Fig. 4.16 (a) The schematic illustration of the antidot arrays under simulation. L is the 
number of longitudinal wires, while N is the numbering of the wire away from the 
input and output wire. In the simulation, the input and output wire is fixed in the 
middle among the longitudinal wires. (b) The normalized LMR curves for the 
20-nm-thick Ni80Fe20 antirectangular arrays predicted by simulation as a function of L. 
(c) The experimental normalized LMR curves of the 20-nm-thick Ni80Fe20 
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A natural question to be raised from the simulations in Fig. 4.16(b) is what will 
happen to the LMR curve if L is increased far beyond? Intuitively, the answer seems 
to be that the MR curve should have even higher MR ratios, and that the shape of the 
curve would eventually approach the TMR curve for the vertical wires shown in Fig. 
4.15(b). However, from our intensive simulations with L up to 1000, the MR curve 
remains almost the same as L goes beyond 41, i.e. the MR response saturates at this 
value. This observation may be explained by examining the current magnitude 
distribution in the structure. Shown in Fig. 4.17 is the normalized current magnitude 
distribution in the longitudinal wires for L = 61. The x axis, N, is the numbering of the 
wire away from input and output wire, as shown in Fig. 4.16(a). From the curve, the 
magnitude of the current decreases exponentially as the longitudinal wire gets further 
away from the input and output wire, and it become almost negligible around N≥20 
(i.e. L ≥ 41). This means that further addition of the longitudinal wires beyond this 
threshold will no longer contribute to the resistance of the antirectangular arrays, 
which in turn will not affect the overall AMR response. 
 
Fig. 4.17 Calculated normalized current magnitude distribution in each of the 
longitudinal wires for L=61. N is the numbering of the wire away from input and 
output wire. 
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4.7.3 Effect of Electrical Contact Area 
In this section, the electrical contact area to the antirectangular arrays is changed 
so that the number of the input and output wires (M) connected to the electrodes can 
be controlled. In this modeling, M is varied from 1 to 41 while L remains constant at 
41, as shown in Fig. 4.18(a). The detailed evolution of LMR as a function of M is 
shown in Fig. 4.18(b).  
 
 
Fig. 4.18 (a) The schematic illustration of the antirectangular arrays under simulation. 
In the simulation, the number of the input and output wires M is varied and they are 
positioned in the middle of the longitudinal wires. (b) The normalized LMR curves 
for the 20-nm-thick Ni80Fe20 antirectangular arrays predicted by simulation as a 
function of M. 
 
 With the increase in M, the negative MR due to the AMR effect in the 
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negative. At the extreme case where M = 41, no positive MR due to the vertical wire 
was observed. It can be easily seen that the effect of increasing M on the evolution of 
the LMR curves is just the opposite of increasing L in Fig. 4.16(b). 
The simulation results from the resistor network model have shown that 
engineering the MR behavior of the antirectangular arrays could be achieved through 
manipulation of the physical parameters, such as the number of longitudinal wires (L) 
and input and output wires (M), or a combination of them. In the next section, it will 
be shown that the MR response is also dependent on the orientation of the electrical 
contacts, and the results will again be verified by the same model presented here. 
 
4.8 Effect of Contact Orientation 
Due to the asymmetric nature of the antirectangles (2×10 µm2), we conducted a 
series of MR measurements by placing electrical contacts of the same dimensions in 
different orientations relative to the large area arrays, as shown in Fig. 4.19.  
 
 
Fig. 4.19 The illustration of the different electrical contact geometries used in the MR 
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The MR measurements were performed using four point probe techniques as 
follows: In the first set of experiment, the sense current was applied using contacts 1 
and 4 while the voltage was recorded using contacts 2 and 3. This current direction is 
termed ix. In another experiment, the sense current was applied using contacts 5 and 8 
while the voltage was recorded using contacts 6 and 7. This geometry is referred to as 
iy. Lastly, we performed two point measurements using contacts 9 and 10 for both 
current and voltage. This geometry is referred to as ixy. The MR responses for fields 
applied along and perpendicular to the electrical contacts of the three geometries will 
be compared in detail. 
 
4.8.1 Field along Electrical Contacts 
Figure 4.20(a) shows the normalized MR curve of the antirectangular structures 
for contact geometry ix, as the applied field is collinear with the contacts. We 
observed a positive MR behavior throughout the field range, with minimum MR at 
high field, and MR peaks at low field. At high field range (field range beyond A and 
B), the MR curve shows a nearly reversible behavior, which is clear now mainly due 
to spin rotation as the field sweeps along the hard axis of the vertical wires. This is 
illustrated in the insets of Fig. 4.20(a), where the spin configurations at saturation, 
field at A, B and remanent state are shown respectively. As mentioned before, the MR 
curve here consists of the competing AMR effect from two orthogonal current 
components with dominance by the AMR effect from the vertical current flow. 
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Fig. 4.20 Normalized MR curves for the 20-nm-thick Ni80Fe20 antirectangular arrays 
for fields applied along the electrical contacts for contact geometry (a) ix (b) iy and (c) 
ixy. The insets in (a) illustrate the spin configurations at saturation field, field at point 
A and B and remanent state. To the right of the curves is shown the corresponding 
MR measurement configurations. 
 
When the contact geometry is changed to iy, the MR response is markedly 
modified and there is a very clear indication that the MR curve is a result of the 
competition between the two orthogonal current flows, as shown in Fig. 4.20(b). A 
striking feature of the MR curve is at low field, where the AMR effect from current 
flow along the y direction emerges, causing a decrease in resistance before zero field, 
and a significant dip after the field changes sign. The increase in strength of the 
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structure, and the magnetization reversal behavior in the longitudinal and vertical 
wires due to their different periodicity along the y and x direction. 
Lastly for the diagonal contacts 9 and 10, the current components along both 
the x and y directions are at 45o to the direction of the magnetization in the arrays at 
high field. As the field is reduced, the magnetization tries to relax back to follow the 
boundary of the antirectangles, decreasing the angle between the current and local 
magnetization. This leads to an increase in resistance with a wide reversible field 
range until about zero field, as shown in Fig. 4.20(c). As the field is reversed and 
increases in magnitude, the longitudinal and vertical wires experience an abrupt 
change in magnetization to the opposite direction, resulting in a dip in resistance. 
With the field continuing to grow in magnitude in the other direction, the resistance 
starts to drop again due to an increasing angle between sense current and the overall 
magnetization. 
 
4.8.2 Field Perpendicular to Electrical Contacts 
Figure 4.21 shows the corresponding MR curves of the antirectangular arrays 
as a function of the contact geometry, as the magnetic field is perpendicular to the 
contacts. For ix, the MR is again positive with a bell shape as shown in Fig. 4.21(c). 
This implies that the AMR effect from spin rotation process in the longitudinal wires 
dominates the MR response, as opposed to the corresponding MR curve in Fig. 
4.20(a). However, the influence from the vertical wires is evident, as signified by the 
small dips in resistance at low field. As the sense current is applied along the y 
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direction, we observed a positive MR response with two sharp switching peaks at low 
field as shown in Fig. 4.21(b). However, no negative dip from the competing AMR as 
in (a) was observed from the curve. For ixy, the sign and shape of the MR curves are 
generally consistent with its corresponding curve in Fig. 4.20(a), as shown in Fig. 
4.21(c). It can be attributed to the similar magnetization reversal process for the two 
measurements due to the symmetry of the structure.  
 
Fig. 4.21 Normalized MR curves for the 20-nm-thick Ni80Fe20 antirectangular arrays 
for fields applied perpendicular to the electrical contacts for contact geometry (a) ix 
(b) iy and (c) ixy. The inset in (c) is the magnified view of the MR curve at low field. 
 
4.8.3 MR Simulations for ix and iy 
Using similar modeling concepts in Section 4.7, we attempted the simulations for 
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Figs. 4.20 and 4.21.  
 
Fig. 4.22 Calculated MR responses for the 20-nm-thick Ni80Fe20 large area 
antirectangular arrays as fields are applied along and perpendicular to electrical 
contacts with contact geometry (a)-(b) ix and (c)-(d) iy respectively. 
 
Figure 4.22 (a) and (b) show the simulated MR curve for ix as the field is applied 
along and perpendicular to the contacts. The model predicts well the general behavior 
of the MR responses such as the wide reversible behavior at high field from this 
contact geometry. However, it fails to model the exact low field characteristics of the 
experimental MR curves, as the calculated curve gives two extra dips in the MR curve 
when comparing with Fig. 4.20(a). On the contrary, for the case of field perpendicular 
to the contacts, the simulated curve in Fig. 4.22(b) misses the dips at low field for the 
experimental curve in Fig. 4.21(a). The discrepancy here is an indication that the 
AMR effect due to the vertical wires is weakened in the simulation. The reason is 
probably due to the fact that the actual current density distribution in the experiments 
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antirectangular films. Nevertheless, the model shows an excellent agreement with the 
experimental MR responses for the transverse contact geometry, iy, as shown in Fig. 
4.22(c) and (d). 
 
4.9 Effect of Film Thickness 
 In this section, the effect of film thickness on the LMR response for field applied 
along electrical contacts is explored. The contact geometries ix and iy shown in Fig. 
4.19 were used for the measurements.  
 
4.9.1 Contact Geometry ix 
Figure 4.23 shows the normalized LMR responses as a function of film thickness 
for contact geometry ix. We observed that with the reduction in film thickness, the 
MR ratio decreases accordingly, which could be attributed to the increase in 
resistivity of the antirectangular film [87]. This increase in resistivity has been further 
confirmed by the average resistance values obtained from the samples measured here, 
as we observed the resistance markedly decreases from 331 Ω to 33 Ω as the film 
thickness increases from 10 nm to 40 nm respectively. The switching field and 
saturation field also decrease with reducing film thickness, suggesting a weakening in 
the pinning of magnetic domain walls. The decrease in switching field could be 
attributed to the fact that the antidot array is less thermally stable with decreasing film 
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thickness.
 
Fig. 4.23 Normalized LMR curves for ix as a function of Ni80Fe20 antirectangular film 
thickness as marked in legend 
 .  
The competition of the AMR effect from two orthogonal current components 
becomes more apparent as the film becomes thinner. As the film thickness decreases 
to 10 nm, we observed a clear dip after the magnetic field crosses zero magnitude, 
signifying the AMR effect from the longitudinal wires.  
 
4.9.2 Contact Geometry iy 
Figure 4.24 shows the evolution of the MR response as a function of the film 
thickness for iy. With decreasing thickness, the switching field of both the positive 
MR (Hp) and negative MR component (Hn) are reduced, as shown in the inset of Fig. 
4.24(c). However, the decreasing rate of Hp is much faster than that of Hn leading to a 
comparable magnitude of the two at 10 nm. It was also observed that the negative MR 
switching at low field starts to become a more dominant feature in the curves as film 
becomes thinner. As the film thickness is reduced to 10 nm, the negative MR 
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component pulls the curve down dramatically resulting in negative MR ratios, as 
shown in Fig. 4.24(d). 
 
Fig. 4.24 Normalized LMR curves for iy as a function of Ni80Fe20 antirectangular film 
thickness. The inset in (c) is the switching field value for the positive MR component 
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4.10 Circumventing Inhomogeneous Current Density 
Distribution 
In the last few sections, it has been shown that the inhomogeneous current density 
distribution in the antirectangular arrays can result in interesting MR behavior. 
However, it also makes the interpretation of the detailed magnetization reversal 
behavior in these structures more complex. In most of the studies on the reversal 
process in ferromagnetic structures, a unidirectional current is usually preferred. In 
order to achieve this in our large area samples (4×4mm2), a pair of electrical contacts 
with the dimensions (1×4mm2 in this case) comparable to the size of the samples is 
proposed, as shown in the inset of Fig. 4.25.  
 
Fig. 4.25 Normalized LMR and TMR responses for the 20-nm-thick large area 
Ni80Fe20 antirectangular arrays with big electrical contacts for current applied along 
the x direction. The insets in the figures are the illustration for the electrical contacts 
and field direction. 
 
 The thick electrical contacts (10 nm (Cr) /300 nm (Au)) serve as equipotential 
electrodes for the antirectangular film. The MR responses from the large contacts with 
sense current along the x direction are shown in Fig. 4.25. The effectiveness of the 
new contact design is clear, as the curves differ drastically from the case of small 
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4.12 with unidirectional current flow imposed. The MR curves obtained here are also 
consistent with the past studies of MR properties on the ferromagnetic antidot arrays 
[21,97]. 
 
4.11 Effect of Current Inhomogeneity in Continuous Films 
  
 
Fig. 4.26 Current density distribution simulations for the 20-nm-thick Ni80Fe20 
continuous film with (a) small electrical contacts and (b) large electrical contacts. 
 
 It should be noted that the current flow in the continuous film, described in Fig. 
4.9, is not homogeneous either. Fig. 4.26(a) shows the simulation of the current 
density distribution as current is applied between two small electrical contacts. The 
current is parallel to the electrical pads only in the central portion of the film, which is 
however not the case around the electrical contacts. In order to see how this 
inhomogeneity in current density affects the MR, the big electrical contacts proposed 






IV Magnetic and Magnetoresistance Behavior of Antirectangular Ni80Fe20 Arrays 
    93
continuous film with big electrical contacts is shown in Fig. 4.26(b). It can be seen 
that uniform current density distribution is established in the continuous Ni80Fe20 film, 
as shown in Fig. 4.26(b). 
 
Fig. 4.27 Normalized MR curves for the 20-nm-thick Ni80Fe20 continuous film with 
large electrical contacts as a function of field orientation θ. 
 
The corresponding MR curves as a function of field orientation for the large 
electrical contacts are shown in Fig. 4.27. Unlike the antirectangular arrays, the effect 
of the two types of contact designs is not significant for the continuous films, as we 
observed that the MR curves in Fig. 4.27 and Fig. 4.9 are quite similar in shape and 
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prominent with a higher magnitude. This shows that the small contact configuration is 
less sensitive to the AMR effect, which has also been suggested in Ref. [98]. 
 
4.12 Summary 
The magnetic and transport properties of antirectangular arrays embedded into 
the contiguous Ni80Fe20 films with interhole spacing from 2 to 6 µm has been studied. 
We observed that the presence of the holes markedly modifies the shape of the 
magnetic hysteresis loop and magnetotransport properties of the continuous film of 
the same thickness. The hysteresis loops, coercivity and remanent spin states are also 
strongly dependent on the interhole spacing and external field orientation. For the 
transport measurements, it was found that inhomogeneous current distribution plays 
an important role in determining the MR response for the antirectangular structures. 
In order to further understand this phenomenon and gain better control of the MR 
behavior, we explored various physical parameters, such as the number of transverse 
antidots, the area and orientation of the electrical contacts, and film thickness. These 
parameters were found to have great influence on the shape and sign of the MR 
curves. The experimental data presented are further supported by the finite element 
simulations of current density distribution and resistor network modeling. It was also 
found that, unlike the antirectangular arrays, the inhomogeneity of the current density 
distribution does not significantly influence the MR response of the continuous 
ferromagnetic film. 
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5 
Magnetoresistance Behavior of Nanoscale Antidot Arrays 
 
5.1 Introduction 
In this chapter, the transport properties of nanometer-scale Ni80Fe20 antidot arrays 
fabricated using deep ultraviolet lithography were studied. It will be demonstrated that 
magnetotransport measurement is a powerful tool for probing the magnetization 
reversal process in complex magnetic structures, the resolution of which is extensible 
to the nanoscale regime. Compared with the continuous film, a drastic increase in 
coercivity in the antidot structures due to local modification of the spin configurations 
was observed. It was also found that the current density distribution is periodically 
modulated by the presence of holes, which gives rise to the interesting high-field 
sloping behavior of the magnetoresistance (MR). The effect of antidot film thickness 
for fixed lateral geometry on the MR response was also investigated, and the reversal 
process was found to be strongly dependent on the antidot film thickness. Our 
experimental results were further verified by magnetic hysteresis measurements and 
micromagnetic simulations, which show good agreement with the experimental MR 
data. Finally, the transport properties of the Cobalt antidot arrays and the novel 
anti-ring structure were compared with the Ni80Fe20 antidot arrays. 
 In experiment, the study of the magnetization reversal process of antidot 
structures has been mainly documented on antidot arrays at micron or submicron 
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range using magneto-optic Kerr effect measurements [20, 22], magnetic force 
microscopy [23], and Lorentz microscopy [25]. As the antidot arrays go to deep 
sub-micron regime, MR measurement technique, whose output depends on the 
direction of current density and local spins, has advantages over other conventional 
methods, as it has virtually no resolution limit and no constraint on the sample size. 
MR measurements are also clearly extendable to the nanoscale regime, and perhaps 
become easier for the smaller structures since the resistance values become larger and 
easier to measure. Although some other groups have attempted MR measurements on 
nanoscale antidot structure [19, 31], only limited information regarding the 
magnetization reversal process was obtained and discussed. 
 
5.2 Experimental Processes 
This section describes the fabrication processes of the antidot arrays. In our 
experiments, large-area Ni80Fe20 antidot structures (4×4 mm2) were fabricated on 
commercially available silicon substrate using advanced KrF photolithography at 248 
nm exposing wavelength. Details of the KrF lithography technique and process are 
described in section 3.2. To create patterns in the resist, the substrate was coated with 
a 60 nm thick anti-reflective layer followed by a 480 nm positive DUV photoresist, 
which is four to five times thicker than those used in electron beam lithography. This 
allows for the fabrication of antidots with high aspect ratio and makes the liftoff 
process easier. A Nikon lithographic scanner with KrF excimer laser radiation was 
used in exposing the resist. The antidot pitch on the mask was kept at 450 nm. Shown 
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Fig. 5.1 (a) AFM image of the DUV resist profile for the fabrication of antidot arrays 
(b) scanning electron micrograph of 25-nm-thick Ni80Fe20 antidot arrays 
 
To convert the resist patterns into antidots, ferromagnetic material Ni80Fe20 was 
deposited using e-beam evaporation.  The pressure was maintained at 2 × 10-6 Torr 
300 nm 450 nm x 
y 
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during deposition.  Liftoff of the deposited film was carried out in isopropyl alcohol. 
Completion of the liftoff process was determined by the color contrast of the 
patterned Ni80Fe20 area.  The final structure consists of Ni80Fe20 arrays of circular 
antidots with diameter 300 nm and center-to-center spacing of 450 nm, as shown in 
Fig. 5.1(b). 
In order to probe the transport properties of the fabricated antidot array structures, 
electrical contacts were made on the pattern using standard optical lithography, 
metallization, and liftoff of Cr (10 nm) /Au (300 nm), as illustrated in Fig. 5.2. 
 
 
Fig. 5.2 Electrical contact geometry used for MR measurements on the antidot arrays 
 
The choice of the contact geometry is unconventional, as it is not the standard 
in-line four point technique. The reason is that for a large-area magnetic film, the 
conventional technique causes nonuniform current density distribution, and is less 
sensitive to the magnetoresistivity [98]. We also observed in chapter 4 that the in-line 
four point technique could completely change the sign of the magnetoresistance 
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flow. In order to circumvent this complication, the special contact geometry used will 
ensure uni-directional current flow in the perforated film. This contact design is 
adopted for the transport measurements in the rest of this dissertation. For MR 
measurements, a dc current of 1 mA was passed along the x direction, and the 
resistance was recorded automatically as the in-plane magnetic field was swept.  The 
devices were mounted on an automatic rotary stage that allows for the easy rotation of 
the devices in the magnetic field. Magnetic hysteresis loops were obtained using VSM 
at room temperature. 
 
5.3 MR Characterization 
In this section, the AMR properties of the 25-nm-thick Ni80Fe20 antidot arrays as 
a function of field orientation were studied. After determining the current density 
distribution in the structure, the spin states in the antidot arrays can be simply inferred 
from the MR curves.  
 
5.3.1 Current Density Distribution in the Antidot Arrays 
As we have shown in chapter 2, the AMR output depends on two physical terms, 
the current density and magnetization. It is thus important to first establish the current 
density distribution in our antidot structure in order to understand the varying 
magnetization component. Strictly speaking, the two terms are interdependent. 
However, due to the small change in AMR percentage (~ 2.5% for a thin film), the 
correlation between the two could be ignored most of the time. Shown in Fig. 5.3 is 
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the finite element simulation for the current density distribution without taking into 
account the galvanomagnetic effect in the circular hole arrays. The arrows signify the 
direction of current flow at each location, and the length of the arrow indicates the 
relative magnitude of the current density. We observe that the current is unidirectional 
flowing along the x direction in the hole arrays. It was also noticed that the current 
density is not uniform but rather periodically modulated by the presence of the 
antidots. Nearer to the geometrical boundaries of the antidots, the current tends to 
follow the circumferences of the holes. Deviation from the main current direction and 
a decrease in current density magnitude are observed as the current density penetrates 
into the region between the adjacent holes in the same row. This effect has also been 
observed by other researchers in square antidot structure [49,97]. 
 
 
Fig. 5.3 Finite element current density simulation for the circular antidot arrays. The 
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5.3.2 Longitudinal MR 
Having established the current distribution in the structure, the MR response 
could be explained as a measure of the preference of the local spins along the current 
density direction. Shown in Fig. 5.4(a) is the normalized longitudinal MR (LMR) 
curve of 25-nm-thick Ni80Fe20 antidot arrays for fields applied along the direction of 
the sense current (θ = 0°). The gray dots represent the loop with the field sweeping 
from the negative saturation field to the positive field. The dark dots are the results for 
the reverse field sweep. We will only examine the loop marked by dark dots, as the 
two loops are essentially symmetric in nature. Shown as insets in Fig. 5.4(a) are 
sketches of the spin states of a unit cell at different field strength, which is inferred 
from the MR curve with simple magnetostatics. At first glance, the MR curve shows 
two distinct minima, with a series of bends signifying the switching process occurring 
in the arrays. 
At high field, all the spins in the antidot structure are primarily aligned along the 
field direction, as shown in the schematic illustration A in Fig. 5.4(a). With the initial 
reduction of field, a slight linear increase in resistance is observed indicating that the 
local spins are more aligned with the current density. This is because the current 
density is not exactly aligned with the magnetization at saturation due to the 
geometrical confinement introduced by the holes, as shown in Fig. 5.3. At a slightly 
lower field, the spins close to the holes start to align along the edges of the holes to 
reduce the associated magnetostatic energy, as illustrated by spin state B in Fig. 5.4(a). 
Thus, the average angle between the current density and local spins is further reduced, 
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resulting in a higher resistance. This sloping behavior was similarly observed in the 
LMR curves for the antirectangular arrays studied in chapter 4 (Fig. 4.12(a) and (d)) 
and also in the work on ferromagnetic wires with modulated junctions by Yao et al. 
[99]. 
 
Fig. 5.4 Normalized (a) LMR curve and (b) TMR curve for the 25-nm-thick Ni80Fe20 
antidot arrays. The gray dots represent the loop with field sweeping from the negative 
direction to the positive, and the dark dots are the results as the field sweeps back. 
Shown as inserts are the schematic illustrations for the spin states at different field 
values. The dashed lines indicate the positions where deflections in the MR curve 
occur. θ is the angle between the external field and the sense current direction. 
 
When the field is reduced further, a decrease in resistance is observed followed 
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attributed to the continuous rotation of the spins as shown in B resulting in a deviation 
of the spins from the local current density, which causes the initial decrease in 
resistance. Starting from position a, due to the high shape anisotropy the local spins to 
the left and right of the holes start to rotate along the y direction, as illustrated by the 
inset C. This increase in the misalignment of the current density and magnetization in 
these areas could be responsible for the faster decrease in resistance. The decrease in 
resistance becomes more gradual again at a field of 238 Oe, as shown at position b, 
indicating the completion of the previous spin rotation process. As the field is reduced 
to zero, the resistance is further reduced due to the spins at the corners to the holes 
rotating close to 45° to the x direction, causing a larger angle between the current 
density and magnetization, as shown in D. This configuration minimizes 
magnetostatic energy and the net charges around the holes. 
As the field changes sign, and increases in magnitude, the resistance decreases 
continuously. At this field range, due to the strong shape anisotropy imposed by the 
holes, the reverse domain could not be formed in the arrays initially, and the 
resistance decrease may still be attributed to the continual rotation of the diagonal 
spins. At a field of -105 Oe (position c), the irreversible switching to reverse 
magnetization state occurs, as signified by the sudden jump in the curve. The field 
where the irreversible switching occurs also corresponds to the coercivity in the 
magnetization hysteresis loop [21]. The increase in resistance soon becomes gradual 
after position d, as the spins at the corner of the holes start to become pinned along the 
negative x axis, attaining a spin configuration shown in the spin state E. The 
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completion of this process changes the deflection of the curve at a field of -220 Oe, as 
shown by position e. Further increase in reverse field magnitude causes the spins at 
the left and right side of the holes to rotate to the field direction as depicted in the spin 
state F, and the kink at position f shows that this process is over. A similar linear 
decrease with field is observed again, as the field approaches the reverse saturation 
field. 
 
5.3.3 Transverse MR 
Figure 5.4(b) is the corresponding transverse MR (TMR) curve, where the 
in-plane field is applied perpendicular to the sense current (θ = 90º). The curve 
consists of a near-parabolic trace with extensive tails at high field and two distinctive 
peaks at low field. At saturation, the magnetization is perpendicular to the current, 
resulting in a low resistance, as shown in the spin state H. As the external field is 
reduced, at first the magnetization above and below the holes starts to rotate along the 
current direction causing an overall increase in resistance, as shown in the spin state I. 
The rotation of the spins diagonal to the holes, as shown in the spin state J, continues 
to increase the resistance value until at a reverse field irreversible switching in 
magnetization occurs and reaches spin state K. As the field increases in the reverse 
direction, the spins diagonal to the hole are pinned along the field, leading to a further 
decrease in resistance, as shown by state L. This decrease starts to become stable after 
the spins below and above the holes are perpendicular to the current in the opposite 
direction, as sketched in the spin state M. From the above description, it is not 
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difficult to see that the magnetization reversal process in the TMR measurement is 
very similar to that of LMR. Due to the symmetry of the square antidot lattice, the 
TMR measurement here is equivalent to the setup by keeping the field orientation as 
in the LMR measurement and then rotating the current direction by 90º. Hence, the 
two curves in Fig. 5.4 are actually describing the same magnetization reversal process 
in the antidot structure. This is evident from the spin state illustration as well as the 
switching positions marked by the dotted lines, as shown in Fig. 5.4. 
 
5.3.4 Field Orientation at 45° 
For field applied at 45° to the sense current, the MR curve is hard to saturate and 
is composed of a wide reversible field range, as shown in Fig. 5.5. The resistance 
increases almost linearly as the field is reduced from positive maximum. As depicted 
in the spin state N and O of Fig. 5.5, the increase in resistance is mainly due to the 
spins below and above the holes starting to align along the current density. A dip in 
resistance occurs at the negative field, where the spin state starts to become unstable, 
and has an abrupt switching to attain a new configuration shown in the spin state P. 
Further increase in field causes a linear decrease in resistance, as the spins start to 
rotate toward the field again in the reverse direction. We have thus shown that 
magnetotransport technique is a sensitive probe of the magnetization reversal process 
in complex antidot nanostructures. 
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Fig. 5.5 Normalized MR curve for the 25-nm-thick Ni80Fe20 antidot arrays as the 
external field is applied at θ = 45° to the sense current direction. 
 
5.3.5 Continuous Film 
As compared with the antidot arrays, the 25-nm-thick Ni80Fe20 continuous film 
deposited under the same condition shows completely different MR characteristics, as 
shown in Fig. 5.6. The continuous film displays a typical negative MR ratio for LMR 
and positive MR ratio for TMR measurement with a low saturation field of about 10 
Oe and switching field at only 1.2 Oe, as shown in Figs. (a)-(b), which are 
dramatically lower than those of the antidot arrays in Fig. 5.4. The 45° MR curves for 
the continuous film displays a superposition of LMR and TMR response exhibiting a 
valley and a peak for each loop as shown in Fig. 5.6(c), which has a profound 
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Fig. 5.6 Normalized MR curves for the 25-nm-thick Ni80Fe20 continuous films as a 
function of the field orientation. 
 
5.4 Thickness Dependence of MR 
To further understand the magnetoresistance behavior of the antidot arrays, we 
have conducted detailed thickness dependent studies. In this experiment, the lateral 
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5.4.1 Longitudinal MR 
 
 
Fig. 5.7 Normalized LMR curves of the Ni80Fe20 antidot arrays for t = 25, 50, and 100 
nm respectively. The curves for t = 50 and 100 nm are shifted down along the y axis 
for the clarity of presentation. 
 
Figure 5.7 shows the LMR curves as a function of Ni80Fe20 film thickness (t) for 
fields applied along the direction of sense current. It can be seen that as t increases to 
50 nm, the shape of the MR curve is well preserved implying that the reversal process 
is similar to that described in Fig. 5.4 for the 25-nm-thick antidot arrays. The coercive 
field (Hc), however, has increased from 105 Oe to 134 Oe, and saturation field has 
also increased. As t is further increased to 100 nm, we observed a dramatic change in 
the MR response. Though the saturation field continues to increase, Hc drops 
significantly to 50 Oe. A series of bends seen in the MR curves for t ≤50 nm has also 
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saturation field with film thickness for the antidot arrays is a direct consequence of the 
increase of in-plane demagnetizing field. The initial increase in Hc as t increases could 
be attributed to the fact that 50-nm-thick antidot arrays are thermally more stable than 
25-nm-thick antidot arrays, as similarly observed by Liu and Chien [19]. For t = 100 
nm, the film thickness is comparable to the lateral dimension of the material between 
holes. In this regime, the magnetization ceases to be constrained rigidly to the plane of 
the film, and the reversal now involves a three-dimensional (3D) space, which could 
probably contribute to the smooth change in magnetization and the drop in coercivity. 
Thus, the in-plane spin rotation mechanism used in explaining the reversal for t ≤ 50 
nm is no longer applicable here. Due to the complication of 3D reversal mechanism, 
we cannot exactly predict how the magnetization evolves, and the demanding 
computational power limits the use of micromagnetic simulation. However, a similar 
trend of thickness dependence of coercivity was observed in the study of nanowires 
fabricated by the same techniques. It was found that the dramatic decrease in 
coercivity with thickness is due to the change in reversal mode [10].  
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5.4.2 Transverse MR 
The corresponding TMR curves as a function of Ni80Fe20 thickness for fields 
applied perpendicular to the direction of sense current are shown in Fig. 5.8. Again, as 
film thickness increases to 50 nm, the shape of the MR curve is identical to that of 
25-nm-thick antidot structures described in Fig. 5.4.  
 
Fig. 5.8 Normalized TMR curves of the Ni80Fe20 antidot arrays for t = 25, 50, and 100 
nm respectively. The curves for t = 50 and 100 nm are shifted up along the y axis for 
the clarity of presentation. The inset is the blow-up view of the response for t = 100 
nm at low field. 
 
For t = 100 nm, however, the MR curve has markedly changed to a complete bell 
shape with a small valley after the field changes sign. After comparing with the 
corresponding LMR curve for t = 100 nm in Fig. 5.7, it was found that the valley 
occurs just after the coercive field. Interestingly the observed valley does not have the 
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detailed spin state in the valley cannot be easily determined from the curve, it is clear 
that the system is trapped in a local energy minimum point. Due to the increase in 
in-plane demagnetizing field with film thickness, it is possible that this local 
minimum is created by the spins with a certain amount of out-of-plane components. 
The increase in resistance after the dip is thus a result of the external field forcing the 
out-of-plane spin components to be in the film plane. In the LMR measurement, this 
reversal process can also make a positive contribution after irreversible switching, 
which reinforces the resistance increase due to the rotation of in-plane spin 
component as illustrated in Fig. 5.4(a). This explanation in turn answers the question 
of the missing correspondence of the valley in the LMR curve. 
 
5.5 Magnetic Hysteresis Loops 
Our ability to make large area samples by KrF lithography renders the 
characterization of antidot arrays using conventional magnetometry possible. In this 
case, we have correlated our magnetoresistance results with M-H loop measurements 
using VSM. Shown on the left panel of Fig. 5.9 are the normalized (M/Ms) M-H loops 
obtained for fields applied along the x direction as a function of film thickness. It can 
be seen that features from the M-H loops are reflected in the corresponding LMR 
curves. For example, the coercivity which corresponds to the switching field in the 
MR curve and the saturation field follow the same trend as the LMR traces shown in 
Fig. 5.7. Similarly, the shape of the M-H loop for t = 100 nm has fewer kinks than the 
loops for t = 25 and 50 nm during the magnetization reversal process.  
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Fig. 5.9 Normalized magnetic hysteresis loops (left panel) and deduced LMR 
responses (right panel) as a function of the Ni80Fe20 antidot film thickness for field 
applied along the x direction. 
 
The correlation between the M-H loop and MR curves can best be seen by 
estimating LMR response from the hysteresis data. M-H measurements provide a 
direct observation of average magnetization along the positive external field direction, 
i.e. the x direction. If we assume that the current density distribution along the x 
direction is uniform, the MR variation could be estimated as (M/Ms)2. It is evident 
from the calculation that the MR output is more sensitive to the magnetization change. 
Shown on the right panel of Fig. 5.9 is the calculated MR from the hysteresis data. We 
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deduced MR curve bears a close resemblance to their corresponding experimental MR 
data depicted in Fig. 5.7, and the magnetization switching events described before can 
be easily identified from the curves. It should be noted that the calculation fails to 
reproduce the high-field sloping behavior observed in the LMR measurements 
because of the non-uniform current density distribution. However, it is interesting to 
note that well beyond the saturation nucleation field, the slope in the LMR curve 
continues, as can be seen in Fig. 5.7. This may be attributed to the effect of 
suppression of spin scattering beyond saturation, as suggested in Ref. 31. 
 
5.6 MR Simulation 
The small lattice dimensions of the antidot nanostructures studied in this chapter 
enable us to correlate the experimental results with theoretical predictions. Here, 
micromagnetic simulations were performed using 2D Object Oriented Micromagnetic 
Framework (OOMMF) code from NIST [100]. This program integrates the 
Landau-Lifshitz equation on a 2D grid with 3D magnetization spins. In OOMMF, the 
equilibrium distribution of magnetization for an applied field is determined by 
numerically integrating the well-known Landau-Lifshitz-Gilbert equation, 




M M H M M H .          (5.1) 
Here,  γ is the gyromagnetic ratio and α is the dimensionless damping coefficient. The 
effective field Heff = -µ0-1∂e/∂M, where e is the energy density calculated by Brown’s 
equation [101].  
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Fig. 5.10 Schematic diagram of the geometry of the model used in OOMMF 
simulation. The shaded area is the central unit lattice selected for MR simulation. 
 
The geometry of the model, which consists of 25 cell units, is shown in Fig. 5.10. 
The magnetic parameters used for the simulation are saturation magnetization Ms = 
860 kA/m, exchange constant A= 13×10-12 J m-1, and anisotropy constant Ku = 0. The 
cell size for the micromagnetic simulation is chosen to be 5 nm. The convergence 
criterion was a misalignment between magnetization and effective field (|m×h|) lower 
than 10-5 in every computation cell. We simulated the magnetization state of the 
structure with the identical dimensions as shown in Fig. 5.1(b) for film thickness at 25 
nm. In order to reduce the boundary effect as pointed out by Guedes et al. [102] in our 
calculation, we extracted the reversal behavior of only the central unit from the 




V Magnetoresistance Behavior of Nanoscale Antidot Arrays 
    115 
 
Fig. 5.11 The geometry extracted for the final MR modeling. A uniform current 
density distribution is assumed for the modeling, as illustrated by the arrows. 
 
For transport modeling, in order to take into account the non-uniform current 
distribution in Fig. 5.3, we used a simplified distribution of currents, being zero in 
between the holes along the current direction and finite but constant in the remaining 
region, as shown in Fig. 5.11. The AMR is calculated by averaging all the resistivity 
of each cell at a field value, using 
2







ρ ρ= + •  ∑ im j
ɵ .          (5.2) 
Here, ρ0, n, Vc, mi, jɵ  and k are the normal resistivity, the number of cells, the volume 
of one cell, the magnetic moment of cell i, the unit vector of the current, and the AMR 







 = • • ∑ i ij m j m
ɵ ɵ .           (5.3) 
The simulated LMR and TMR results for antidot arrays with t = 25 nm are shown 
in Figs. 5.12 (a) and (b) respectively. For clarity, we only show the trace when the 
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field is swept from positive saturation to negative.  
 
Fig. 5.12 Simulated (a) LMR and (b) TMR curves for the 25-nm-thick Ni80Fe20 
antidot arrays, as the field sweeps from positive saturation to negative. Shown as 
inserts in (a) are the spin states captured from OOMMF simulation at different field 
values. 
 
From the figures, we can see that the modeling has good agreement with the 
experimental curves. The simulated curves are characterized by prominent 
discontinuous jumps, which correspond to the major switching events in the structure. 
Most of these features can be easily associated with our experimental MR response in 
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from OOMMF simulation further confirm the schematic spin illustrations depicted in 
Fig. 5.4. However, the simulated MR curves are a lot more jagged than the actual 
experimental curves, and the sharp transitions in the modeling have become 
broadened in the real experiment, because the actual response is obtained from an 
average behavior of millions of cell units in the system. It was also observed that the 
coercive field of the simulated curve is at 200 Oe, which is much higher than that 
from experiment. This could be due to the thermal fluctuation effect which reduces 
the switching barrier for the samples and inaccuracy from the limited number of cell 
units for the simulation. Added to this is the fact that the simulation assumes a 
uniform current density. Consequently, we observe a monotonic decrease in resistance 
for the LMR curve as the field is reduced from saturation field, which is very similar 
to the deduced MR curve from the M-H loop as shown in Fig. 5.9(a). 
The good agreement between the experimental and simulation seems to reveal 
that the whole magnetization reversal process is dominated by spin rotation rather 
than domain-wall propagation. The apparent reason for this picture is that the 
explanation has been based on the reversal behavior of a single microscopic unit cell. 
However, when we look into the reversal for the complete 25 unit cell geometry with 
boundaries, the reverse magnetization at the coercive field can be attributed to the 
nucleation of the reverse domain at the edges and the propagation of domain walls. 
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5.7 Cobalt Antidot Arrays 
We also studied the MR properties of 25-nm-thick antidot arrays made from 
Cobalt material. Cobalt (Co) is a magnetically “harder” material, and is of higher 
saturation magnetization than Ni80Fe20. The LMR, TMR and 45° MR responses of Co 
antidot arrays are shown in Fig. 5.13. As expected, the antidot film made from Co 
displays a higher saturation field and coercivity than that from Ni80Fe20. The 
magnetization reversal sequence remains unchanged, as revealed by the shape of the 
curves. Therefore, the explanations used in section 5.3 are also applicable to the 
reversal process for the Co antidot arrays. 
 
Fig. 5.13 The MR curves for the 25-nm-thick antidot structure made from Cobalt as a 
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5.8 Anti-ring Structures 
In this section, a novel “sibling” structure of antidot arrays, called “anti-ring” as 
shown in Fig. 5.14, is fabricated. The difference from the antidot arrays shown in Fig. 
5.1(b) is that the anti-ring structure in this case has an additional dot (120 nm in 
diameter) in the center of each hole. It is expected that the presence of an additional 
dot at the hole center may alter the spin configuration within the vicinity of the hole 




Fig. 5.14 SEM image of the 25-nm-thick Ni80Fe20 anti-ring structure. The inset is the 
blow-up view of an anti-ring cell. 
 
Fig. 5.15(a) and (b) show the normalized LMR and TMR responses obtained 
from the anti-ring structures (●), which are plotted together with the corresponding 
response from the antidot structures (●) for comparison. The two samples were 
fabricated at the same time and went through the same fabrication process in order to 
300 nm 450 nm 
120 nm 
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minimize the effects of process variation.  
 
 
Fig. 5.15 (a)-(b) The LMR and TMR curves for the 25-nm-thick Ni80Fe20 anti-ring 
structure (●). The corresponding curve for the antidot structure (●) with the same 
thickness is also plotted for comparison. The reverse sweep of the MR curves were 
re-plotted in (c)-(d) respectively for clarity. The inset in (c) shows the transition of 
spin states at the kink, “+” and”-” signifies the magnetic charges. The inset in (d) 
illustrates spin state and the charge distribution at high field for the anti-ring structure. 
 
While in general, the shape of the MR curves for the anti-ring structure is not 
significantly modified by the presence of dots in the hole, a slight difference was still 
observed as shown in Fig. 5.15(c) and (d), where only the reverse sweeps (from 
positive field to the negative) are shown. For the LMR curve, as the field is reduced 
from 1 kOe, the high field slope of the anti-ring curve ceases to increase at 490 Oe, 
which is higher than the antidot curve at 415 Oe. Another distinct feature between the 
two is the field where the kink first occurs. This feature is more apparent in the TMR 
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the occurrence of the kink in the antidot arrays is a result of the spins to the left and 
right of the holes starting to rotate along the direction perpendicular to the field due to 
the high demagnetizing field, as illustrated in the schematic spin states in (c). The 
observation of the kink for the anti-ring structure lagging behind the antidot structure 
may be attributed to the fact that the additional dot at the center of the hole helps to 
stabilize the spins to its left and right along field direction by dipolar interaction, as 
illustrated in the inset of (d). The stabilizing effect through dipolar interaction has also 
been found in the study of coupled dot arrays [103]. 
 
Fig. 5.16 The magnetic hysteresis loops for the 25-nm-thick Ni80Fe20 anti-ring 
structure (●) and antidot arrays (●) for magnetic field applied at (a) θ = 0° and (b) 
45°.  
 
Fig. 5.16 presents the magnetic hysteresis loops of the anti-ring structure (blue 
dots) and antidot arrays (red dots) as the field is applied at (a) θ = 0° and (b) θ = 45°. 
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magnetization reversal of the contiguous antidot film is characterized, the hysteresis 
loop measurement, in addition, directly encompasses the magnetization reversal 
behavior of the inner dots. The portion of curve shows the visible trace of the reversal 
of dots is at the field range before the coercive field, as marked by the blue dotted 
lines in (a). At this field range, the curve decreases at a sharper slope, resulting in a 
bend, which is not visible in the corresponding antidot structures. The occurrence of 
bend is due to the magnetization of the dots switching to the opposite direction 
following the field. The reversal of the inner dots shows the traces more apparently 
when the field is applied at θ = 45°, as we observe a clear drop in magnetization 
(indicated by the arrow in (b)) before the sharp switching at coercivity. At similar 
field ranges, the magnetization of the antidot structure is, however, almost constant. 
 
5.9 Summary 
We have investigated the magnetoresistance and magnetization reversal process 
in nanoscale Ni80Fe20 antidot arrays. It was found that the current density is 
periodically modulated by the ordered antidot arrays, and the magnetization reversal 
process could be clearly identified from the shape of the MR traces. We also observed 
a marked increase in the coercive field as compared with the continuous film. For 
fixed antidot lateral geometry, the magnetization reversal process was found to be 
strongly dependent on the film thickness, which has been correlated with our 
magnetization hysteresis measurements. The understanding of the experimental MR 
data was further aided by the magnetotransport simulations. The MR measurements 
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were also performed on the Cobalt antidot arrays and novel anti-ring structures. It was 
observed that the replacement of the ferromagnetic material from Ni80Fe20 to a 
magnetically harder material Co does not affect the overall magnetization reversal 
sequence of the antidot arrays. For the anti-ring structures, as compared with the 
corresponding antidot arrays, the introduction of an additional dot in the center of 
each hole helps to stabilize the magnetization of the anti-ring arrays at high field. 
 
                                                                         124 
 
6 




In this chapter, the effect of antidot lattice geometry on the magnetic 
anisotropy and transport properties of Ni80Fe20 antidot nanostructures has been 
investigated. For an antidot array with a square lattice, a fourfold magnetic anisotropy 
with alternating hard axis and easy axis at every 45° was observed. The honeycomb 
and rhomboid antidot lattice, however, both show a sixfold anisotropy, conforming 
well to the symmetry of their respective lattices. The magnetic hysteresis and 
micromagnetic simulation of the spin states at remanence show that the magnetization 
reversal process is very sensitive to the lattice arrangement of the holes. From the 
magnetotransport measurements, both the current density distribution and the 
magnetoresistance behaviour are markedly dependent on the antidot lattice geometry, 
in agreement with our transport simulations. The MR properties of the honeycomb 
and rhomboid lattice arrays were further studied by the transverse electrical contact 
geometry, and the underlying reversal process of honeycomb and rhomboid lattices 
was elucidated by the micromagnetic simulations. 
The magnetization reversal in lithographically defined arrays of micron-size 
antidot with rectangular, square and hexagonal lattice geometry in Permalloy films 
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was studied by Vavassori et al. [74] using quantitative magneto-optic Kerr vector 
magnetometry. It was found that the hole arrays induce a magnetic anisotropy with 
hard axes along the directions connecting nearest neighboring holes. Castaño et al. 
[104] have studied CoFe films containing ordered arrays of holes with square and 
hexagonal symmetry prepared using porous anodic alumina substrates. They found 
that the templates induce well-defined fourfold and sixfold anisotropies, which 
completely mask the growth-induced anisotropy. 
In this chapter, large area nanometric Ni80Fe20 antidot arrays were fabricated 
using deep ultra-violet (DUV) lithography. We used angular remanence 
measurements to study the distribution of the magnetic anisotropy in the antidot film. 
The shape of the antidots is chosen to be circular, so that the hole itself does not 
contribute to the anisotropy of the antidot structure. 
 
6.2 Experimental Processes 
The samples in this chapter were fabricated using the same techniques as 
described in section 5.2. In this experiment, the antidot pitch on the phase shift mask 
was kept at 400 nm. Shown in Figs. 6.1(a)-(c) are the scanning electron microscopy 
(SEM) images for the resist dots forming square, honeycomb, and rhomboid arrays 
respectively. Ni80Fe20 film of thickness 30 nm was then deposited using e-beam 
evaporation technique at a rate of 0.2 Å/s. The final structure consists of Ni80Fe20 
arrays of antidots of diameter 250 nm and the center-to-center spacing between 
nearest holes is 400 nm, as shown in Figs. 6.1(d)-(f). 
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Fig. 6.1 SEM images of resist patterns for (a) square, (b) honeycomb, and (c) 
rhomboid lattice geometry. The corresponding SEM images of 30-nm-thick Ni80Fe20 
antidot arrays after the liftoff process are shown in (d)-(f) respectively. 
 
The magnetic anisotropy distribution and the magnetic hysteresis loops of the 
antidot arrays were measured using a vibrating sample magnetometer. The angular 
remanence magnetization measurement technique was used to characterize the 
magnetic anisotropy. This was performed by first saturating the sample at 2 kOe in a 
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remanent magnetization (Mr). This process was repeated at an incremented field 
orientation. For transport measurements, electrical contacts were made on the pattern 
using standard optical lithography, metallization, and liftoff of Cr (10 nm) /Au (300 
nm). During MR measurements, a dc current of 1 mA was passed along the x 
direction, and the resistance was recorded automatically as the in-plane magnetic field 
was swept. 
 
6.3 Magnetic anisotropy 
This section shows the magnetic anisotropy distribution obtained from the 
angular remanence measurements for the continuous reference film and the square, 
honeycomb and rhomboid antidot arrays. 
Figure 6.2(a) shows the normalized remanent magnetization (squareness Mr/Ms) 
with the corresponding mapping of the easy and hard axes for the unpatterned 30 nm 
Ni80Fe20 film, which was deposited at the same time with the antidot structures, also 
acting as the control experiment. The blue dots represent the experimental data and 
the continuous red line is the fitted curve. From the figure, we observed that the 
unpatterned film exhibits a weak uniaxial anisotropy as expected with squareness 
ranging from 0.62 to 0.71, due to the polycrystalline nature of the film and the 
absence of field induced anisotropy. 
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Fig. 6.2 The normalized remanent magnetization (squareness Mr/Ms) as a function of 
field orientation θ for (a) reference continuous film, (b) square lattice, (c) honeycomb 
lattice, and (d) rhomboid lattice 30-nm-thick Ni80Fe20 antidot arrays. The dotted traces 
are experimental data, and the continuous lines were obtained from curve fitting. To 
the right of the curves are the easy axis (EA) and hard axis (HA) distribution of the 
respective lattice geometry. 
 
With the introduction of square lattice antidots, the 30 nm Ni80Fe20 film shows a 
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square unit cell, and the easy axes along the diagonal direction, as shown in Fig. 
6.2(b). The shape of the curve is fitted well by an offset |sin2θ| function varying 
between 0.55 and 0.8, as depicted by the continuous line. The observed periodicity of 
the anisotropy is because the sample is geometrically equivalent as the array is rotated 
for every 90°. 
By changing the antidot lattice geometry from square to honeycomb, we observed 
that the magnetic anisotropy changes from four- to a sixfold symmetry respectively. 
The hard and easy axes alternate at every 30° for the honeycomb geometry, as shown 
in Fig. 6.2(c). Similar to the case of square arrays, the HAs for the honeycomb 
geometry remain parallel to the edges of the hexagonal unit cell. The anisotropy 
distribution for the honeycomb lattice generally follows a |sin3θ| variation, and the 
squareness varies between 0.71 and 0.81. 
The space arrangement of the rhomboid lattice is closely related to the 
honeycomb lattice, as the unit cell can be taken as a hexagon cell of the honeycomb 
lattice embedded with an additional hole in the center. The introduction of this extra 
hole, however, markedly changes the anisotropy distribution of the arrays. As can be 
seen from Fig. 6.2(d), although a sixfold magnetic anisotropy and similar squareness 
is observed, there is a 30° phase shift in the curve as compared with the honeycomb 
lattice in Fig. 6.2(c), indicating a reverse of the EA and HA orientations. 
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6.4 Remanent Spin States 
In order to explain the magnetic anisotropy behavior obtained in Fig. 6.2, an 
understanding of the distribution of the microscopic spin orientation in the samples is 
needed, since the net magnetic moment along the applied field leads to the observed 
remanent magnetization. This was achieved by performing micromagnetic 
simulations for the remanent spin states using OOMMF [100]. The simulation models 
for the three geometries are shown in Fig. 6.3. The magnetic parameters used for 
simulations are saturation magnetization Ms = 860 kA/m, exchange constant A= 
13×10-12 Jm-1, and anisotropy constant Ku = 0. To reduce the simulation time, a cell 
size of 10 nm was used. The convergence criterion was a misalignment between 
magnetization and effective field (|m×h|) lower than 10-5 in every computation cell. 
We simulated spin states of the Ni80Fe20 antidot structure with the identical 
dimensions as those shown in Fig. 6.1 for 30 nm film thickness. 
 
  
Fig. 6.3 The micromagnetic simulation models for the three lattice geometries. 
 
The remanent states were obtained by capturing the spin states of the antidot 
structures after removal of a saturation field along one of the easy axes of the 
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structures, namely at θ = 45°, 30°, and 0° for the three arrays, as shown in Figs. 6.4(a), 
(c) and (e).  
 
Fig. 6.4 The remanent spin states in a unit cell captured from the micromagnetic 
simulation and the sketch of the simplified domain distributions are shown for (a), (b) 
the square lattice, (c), (d) the honeycomb lattice, and (e), (f) the rhomboid lattice 
30-nm-thick Ni80Fe20 antidot arrays. Note: Drawings are not to proportion for the 
clarity of presentation. 
 
To reduce the boundary effect due to limited number of unit cells under 
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simplified illustrations for the magnetic domains inside a square and hexagonal unit 
cell are next to the captured spin states, as shown in Figs. 6.4(b) and (d). For the 
rhomboid antidot lattice, the domain sketch of a seven-hole hexagonal cell in Fig. 
6.4(f) is shown in order to compare with the honeycomb lattice. 
For the square lattice, we observed a remanent state with periodic microscopic 
domains in the vicinity of the holes, which is depicted in Fig. 6.4(a). The spin 
configuration is apparently different from the blade domains usually nucleated around 
the isolated holes to reduce the surface magnetic charges [29, 105], as illustrated in 
the inset of Fig. 6.4(b). This shows that the remanent spin state of the antidot arrays is 
not only a result of the minimization of the magnetostatic energy of each hole itself, 
but also the magnetostatic interaction between the holes. From the sketch, the 
magnetic material in the unit cell can be roughly divided into 5 domains. The domains 
with spins pointing along the x and y direction are formed to decrease the high 
demagnetizing energy due to the close edges of the nearest neighboring holes. The 
45° domain bisecting the previous two types of domains is nucleated to reduce the 
associated magnetostatic energy. A similar remanent state was observed in 
micron-scale square lattice antidot arrays by C. T. Yu et al. [23]. 
The remanent state of the hexagonal lattice captured from simulation is shown in 
Fig. 6.4(c). The unit cell could be roughly divided into nine microscopic domains, as 
shown in Fig. 6.4(d). One common feature of the spin states between the hexagonal 
and square lattices is that the material between the nearest neighboring holes is still 
highly confined by the edges of holes, so that the spins in those areas are always 
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aligned perpendicular to the edges of the unit cell. Due to the symmetry, the vector 
sum of the magnetization in these areas is at about 30°. In the center of the lattice, we 
observed a parallelogram shaped domain pointing at slightly above 30°, flanked by 
two triangular shaped domains with magnetization along the positive x direction. 
After analyzing the overall magnetization of the unit cell, the normalized net 
remanent magnetization is about 0.85 at 29.4°, which is consistent with the 
experimental result. 
With the introduction of an additional hole to the hexagonal unit cell shown in 
Fig. 6.4(c), a completely different remanent spin state in Fig. 6.4(e) is observed. The 
30° and 90° domains around the central axis of the honeycomb unit cell have been 
replaced by the 0° and ±30° domains, which explain the striking change in the 
distribution of easy and hard axes in Figs. 6.2(c)-(d). From the sketch in Fig. 6.4(f), it 
can be easily identified that the average spin orientation is along the x direction, 
which makes 0° the preferred direction for magnetization. The magnetic domains in 
the rhomboid lattice arrays can generally be divided into two groups. One group are 
those having an angle of ±30° to the x axis. The formation of these domains is a result 
from the shape anisotropy imposed by the two nearest neighboring holes. The other 
group of domains are pinned along the x direction. They occur in the central region 
among the nearest four holes forming a rhomboid cell, e.g. the area enclosed by the 
dotted lines. It is interesting to note that despite the high demagnetizing field at the 
hole edges, the remanent spins between the two nearest holes in the same row remain 
at this unfavorable high magnetostatic energy configuration. This is probably because 
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the energy gain from this configuration reduces the surrounding exchange energy 
across the domain walls significantly. An exact opposite result was found from the 
study on micron-size antidot arrays with a rhomboid lattice [74]. In that case, the 
induced hard axis was observed along the direction where the holes are closest to each 
other, i.e. along the edges of the seven holes hexagonal unit cell in Fig. 6.4(f). The 
discrepancy between our antidot arrays and the micron-size antidot arrays could be 
attributed to the difference in the remanent domain configurations, which may be 
associated with the size and packing fraction of the holes. 
The remanent spin states shown in Fig. 6.4 are not limited to the EA field alone, 
similar spin configurations were also obtained for the field applied along other field 
orientations. This implies that those spin states are the only possible configurations at 
remanence. The remanence magnetization measured at certain field orientations are 
therefore a projection of the net magnetization along the nearest EA, which confirms 
the validity of the curve fit for the experimental data, and explains the reduced 
amplitude of squareness for highly symmetric arrays shown in Fig. 6.2. 
 
6.5 Magnetic Hysteresis Loops 
The magnetization reversal behavior for fields applied along the easy and hard 
axes of the reference film and the antidot arrays were further analyzed by 
characterizing the magnetic hysteresis properties, as shown in Fig. 6.5.  
As expected, in Fig. 6.5(a), the EA and HA hysteresis loops of the reference film 
are skewed in shape and similarly characterized by low coercivity and saturation field 
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at about 5 Oe and 13 Oe respectively. 
 
Fig. 6.5 Representative magnetic hysteresis loops for fields applied along the EA and 
HA directions (as marked in the legend) for (a) continuous film, (b) square, (c) 
honeycomb, and (d) rhomboid lattice 30-nm-thick Ni80Fe20 antidot arrays. Note: the 
scale of the x axis in (a) is different from the rest. 
 
For the patterned antidot arrays, the loops have dramatically enhanced coercivity 
as compared with the continuous film, as shown in Figs. 6.5(b)-(d). The coercive field 
of the antidot arrays studied here, however, does not agree well with the prediction by 
the inclusion coercivity theories, which predict a positive correlation between the 
volume density (VD) of the defects and the coercivity [106]. For the most densely 
packed rhomboid arrays (VD = 0.35), the coercivity values (Hc) are at 186 Oe (EA) 
and 150 Oe (HA), which are smaller than the values for the square lattice (VD = 0.31) 
at 205 Oe (EA) and 155 Oe (HA), as shown in Table 6.1. Thus, other than tailoring 
the hole size and separation, varying the lattice geometry provides us another degree 
of freedom to engineer the “hardness” of the magnetic film. For each antidot structure, 
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loop on the other hand is typically characterized by more kinks and gradual switching 
in magnetization. When compared with the EA loop, the HA loop also has a smaller 
coercivity and approaches saturation magnetization at a slower pace, as shown in Figs. 
6.5(b)-(d). The saturation fields (Hs) are also strongly dependent on the lattice 
geometry, as we observed the lowest saturation field at 468 Oe and 338 Oe along the 
EA and HA of the honeycomb arrays, which is far less than those of the square and 




 EA   HA 
Hs (Oe) 







 205   155 
 116    94 
 186   150 
 843   710 
 468   338 
 772   757 
 
Table 6.1. Hole volume density (VD), coercivity and saturation fields for the square, 
honeycomb, and rhomboid lattice 30-nm-thick Ni80Fe20 antidot arrays. The saturation 
field is taken at the field where 95% of the saturation magnetization is reached. 
 
6.6 Magnetotransport Measurements 
6.6.1 Current Density Distribution 
The effect of lattice geometry on the magnetoresistance behavior of the antidot 
arrays is studied in this section. Since the magnetoresistance depends on two physical 
terms, the current density and magnetization, it is important to first establish the 
current density distribution in the antidot structures for the various lattice geometries. 
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Fig. 6.6 Current density simulations for (a) square, (b) honeycomb, and (c) rhomboid 
lattice antidot arrays. The length of the arrow together with the color code indicates 
the magnitude of the current density. 
 
Figure 6.6 shows the finite element simulation for the current density distribution 
without taking into account the galvanomagnetic effect for the three geometries. The 
arrows signify the direction of current flow at each location, and the length of the 
arrow together with the color code indicates the magnitude of the current density. It 
was observed that the current density is periodically modulated by the geometrical 
boundaries of the ordered antidots with the net current along the x direction. For the 
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holes in the consecutive rows, whereas it buckles with reduced strength, as the current 
density penetrates into the region between the adjacent holes in the same row. For the 
honeycomb lattice, the current enters from the left side of the cell at about ±30° from 
the x axis, and leaves from the right, as can be seen in Fig. 6.6(b). In the center of the 
unit cell, where the two streams of inflow current meet, the current density is almost 
constant. For the rhomboid lattice, the extra hole introduced in the center of the 
hexagonal cell modifies the current flow path, causing additional modulation in its 
surrounding area, as shown in Fig. 6.6(c). 
 
6.6.2 Experimental and Simulated MR 
Having established the current distribution in the structure, the MR response 
could be explained as a measure of the preference of the local spins along the current 
density direction during the magnetization reversal process. Fig. 6.7 shows the MR 
curves of the three geometries from longitudinal MR (LMR) measurements, where the 
magnetic field is applied along the sense current direction (the x direction) and 
transverse MR (TMR) measurements for field along the y direction. We observed that 
the detailed shape of the MR curves is strongly dependent on the lattice geometry. 
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Fig. 6.7 The experimental (a)-(c) and simulated (d)-(f) LMR and TMR curves for the 
square, honeycomb, and rhomboid lattice 30-nm-thick Ni80Fe20 antidot arrays. The 
insets in (d)-(f) are the simulation models used for the AMR calculation. The forward 
and backward MR loops are shown in different colors for clarity. 
 
As shown in Fig. 6.7(a), the LMR and TMR curves for the square lattice arrays 
are both characterized by a series of bends as the field is swept. For LMR, we 
observed larger resistance at higher field, because the magnetization generally aligns 
with the sense current. As the field is reduced, the local spins deviate from the current 
due to the competition of various magnetic energies. The two distinct minima in the 
curve signify the event of irreversible switching to reverse magnetization in the 
antidot arrays. The sign of the TMR curve is opposite to the LMR, with low resistance 
at high field as the average magnetization is at a larger angle to the current density. 
The occurrence of the deflections on the curve, however, coincides with the LMR, 
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the square lattice symmetry. For the honeycomb lattice arrays, the LMR curve still 
consists of a series of bends, whereas the corresponding TMR curve displays two 
peaks with no additional kinks in the curve as shown in Fig. 6.7(b). From Fig. 6.7(c), 
the prominent deflections are only observed at the irreversible switching process in 
both LMR and TMR curves for the rhomboid lattice arrays. 
In order to correlate the MR curves with theoretical prediction, micromagnetic 
simulations over a sweeping field were performed using OOMMF. The same models 
shown in Fig. 6.3 were used for the simulations. For the MR simulation, we extracted 
the reversal behavior of only the central unit lattice, and a uniform current density 
(constant magnitude with no deviation from the net current flow along the x direction) 
is assumed for the simplicity of calculation. To take into account the inhomogeneous 
current distribution in Fig. 6.6, we ignore the areas in the unit cell where current 
magnitude is negligible due to their smaller contribution to the overall MR response, 
as shown in the insets of Figs. 6.7(d)-(f). The AMR is calculated by averaging the 
resistivity of each cell at a field value followed by normalization, the details of which 
are described in section 5.6. The simulated LMR and TMR results for antidot arrays 
are shown in Figs. 6.7(d)-(f) respectively. From the figures, it can be seen that the 
modeling generally has good agreement with the experimental curves, and most of the 
features in Figs. 6.7(a)-(c) such as shape and deflections are well reproduced. 
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6.6.3 Remanent MR Ratio 
For the three lattice geometries, it was also observed that the average deviation of 
spins from current density during the LMR and TMR measurements differs in 





−∂ = ×∆ − ,             (6.1) 
where R//  and R⊥ are the resistance taken at highest field from LMR and TMR curves 






LMR  TMR 
RMRR (Simu) 







 25.1    28.3 
 17.1    72.9 
 4.23    61.2 
 44.1     36.4 
 24.9     82.6 
 20.3     69.1 
Table 6.2 Experimental and simulated remanent LMR and TMR ratio, and squareness 
at θ = 0° for the square, honeycomb, and rhomboid lattice geometries. 
 
The remanent MR ratios obtained from both LMR and TMR curve for the three 
geometries are shown in Table 6.2. We observed that the deviation of the spins from 
the current density at remanence for LMR is biggest for the square lattice, and 
smallest for the rhomboid array. This result can be correlated with the remanent 
magnetization measurements, where the squareness for square, honeycomb, and 
rhomboid arrays increases accordingly when the field is applied along the x direction, 
as shown in Table 6.2. This may be attributed to the fact that the current density, 
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though modulated by the holes periodically, generally flows along the x direction. 
The remanent TMR ratio for the square lattice is similar to the LMR, as the 
remanent spin states for the two cases are equivalent with respect to the current. For 
honeycomb arrays, a significant increase in the deviation was observed as compared 
with its corresponding LMR curve. This is because the applied field is along one of 
the easy axes of the array, and at remanence the majority of the spins have large 
components along this direction. For the rhomboid array, the deviation is also a lot 
higher than its corresponding LMR ratio. However, in this case the increase is 
attributed to the net spins in the arrays relaxing along the easy axis 60° apart from the 
x direction. The remanent MR ratios from the simulated curves were also calculated 
as listed in Table 6.2, which follow the same trend as the experimental data. However, 
the simulated data gives higher ratios than the experimental values, which could be 
attributed to the non-uniform current distribution observed in Fig. 6.6. We have thus 
shown that lattice geometry provides an efficient way to engineer both the magnetic 
anisotropy and magnetoresistance behavior in antidot nanostructures. 
 
6.7 MR with Transverse Electrical Contact Geometry 
So far, the MR measurements for the antidot arrays have been performed with 
the sense current fixed along the x direction (longitudinal direction). If the current 
direction is changed to be along the y direction using transverse electrical contacts, it 
is not difficult to see that for the square lattice arrays, the same MR responses should 
be obtained due to the fourfold symmetry, as illustrated in Fig. 6.8. However, it is not 
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the case for honeycomb and rhomboid lattice arrays for two obvious reasons. Firstly, 
due to their sixfold symmetry, the relative orientation of the easy and hard axes to the 
sense current direction is reversed with the change to transverse contact geometry. 
Secondly, the current density distribution is different as the arrangement of the holes 
along the electrical potential drop has changed. So it is interesting to examine the MR 
responses from these two types of lattices with transverse current. 
 
Fig. 6.8 The schematic illustration for the longitudinal and transverse electrical 
contact geometries of various lattice arrays. 
 
6.7.1 Transverse Current Density Distribution 
Shown in Fig. 6.9 are the transverse current density simulations for the 
honeycomb and rhomboid lattice arrays. For the honeycomb lattice, similar to its 
corresponding longitudinal current counterpart in Fig. 6.6(b), the current density in 
the center of the lattice is more or less uniform. The highest current density occurs in 
the areas between the nearest two holes in the same row, as pointed by the white 
arrows. These two areas function as the main inlet and outlet in the lattice for the 
current flow. The areas between neighboring circular holes positioned oblique to the 
ix 
iy
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net current have lower current density magnitude, as shown by the color code. It is 
also interesting to note that, for the transverse sense current, the current could almost 
cover all the area in the lattice. This is in contrast with Fig. 6.6(b), where we observed 
the current density almost vanishes in areas between holes in the same row. For the 
rhomboid lattice arrays in Fig. 6.9(b), the current density is strongly modulated by the 
holes. The current has to keep on splitting and merging between consecutive rows of 
holes, which is different from Fig. 6.6(c) where the path of the current flow is only 
disturbed near the edges of the holes. As compared with the honeycomb lattice, the 
main difference between the two geometries in Fig. 6.9 is in the center, where the 
additional hole forces the current to flow in accordance to its boundary. 
 
 
Fig. 6.9 Current density simulations for (a) honeycomb and (b) rhomboid lattice 
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6.7.2 Experimental and Simulated MR for Transverse Current 
 
 
Fig. 6.10 The experimental LMR and TMR curves for the (a) honeycomb and (b) 
rhomboid lattice 30-nm-thick Ni80Fe20 antidot arrays with a transverse sense current. 
(c) and (d) are the corresponding MR simulation. The models used for MR calculation 
are shown as inset of (c) and (d). 
 
Shown in Fig. 6.10(a) are the corresponding LMR and TMR responses obtained 
from the transverse current for the honeycomb lattice arrays. As we compare the 
responses to the case of longitudinal current in Fig. 6.7(b), it is clear that the LMR 
curve in Fig. 6.10(a) and TMR curve in Fig. 6.7(b) both describe the magnetization 
reversal of the EA of the honeycomb antidot arrays. Likewise the TMR curve in Fig. 
6.10(a) corresponds to the LMR curve in Fig. 6.7(b), and both describe HA reversal. 
This correspondence between the two current orientations is clearly reflected from the 
shape of the MR curves. For example, as we compare the TMR curves in Fig. 6.10(a) 
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as deflections and peaks can be clearly correlated with each other. Due to the same 
order of symmetry, similar correspondence in the MR curves can be found for the 
rhomboid lattice arrays as shown in Fig. 6.10(b) and 6.7(c).  
The MR simulations for the honeycomb and rhomboid lattice arrays with 
transverse sense current were also performed using a similar technique as in Fig. 6.7, 
as shown in Fig. 6.10(c) and (d). Due to the different current density distribution, the 
simulation models, shown as the insets in Fig. 6.10(c)-(d), consist of a complete unit 
cell differing from the models used in Fig. 6.7(e)-(f). It is clear that the simulated 
curves are generally in agreement with the experimental curves in Fig. 6.10(a)-(b). 
While the finite element simulations in Fig. 6.6 and Fig. 6.9 show that the current 
density distribution of the same antidot arrays is quite different for the two contact 
geometries, no significant modification in the MR responses was observed. This is in 
contrast to the case of antirectangular antidot arrays shown in section 4.8 where 
different electrical contact orientations cause drastic changes in the sign and shape of 
MR curve. The reason may be attributed to the fact that the deviation of the current 
density from the net current direction is still not substantial for both sense current 
directions. The non-uniform current density distribution for the honeycomb and 
rhomboid lattice arrays thus plays only a minor role in determining the MR response. 
This assertion can also be seen from the good agreement between the experimental 
and simulated MR curves, where in the simulation a uniform current density is 
assumed.  
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6.8 Micromagnetic Simulations of Honeycomb and Rhomboid 
Lattice Arrays 
In this section, the detailed magnetization reversal process for the honeycomb and 
rhomboid lattice arrays for fields along the x and y directions will be studied through 
capturing representative spin states from the OOMMF simulations. To make the study 
more meaningful, we will describe the evolution of spin configurations in relation to 
the simulated MR curves for the two types of lattice arrays in Fig. 6.10(c)-(d). For the 
square lattice antidot arrays, the reversal process is similar to that presented in Fig. 5.4 
in chapter 5. 
 
6.8.1 Honeycomb Lattice Arrays 
Fields applied along the x direction (HA) 
Shown in Fig. 6.11 is the simulated MR curve obtained as the field is applied 
along the x direction, below which is the evolution of the magnetic spin states as the 
field is sweeping back from the positive saturation to the negative (red trace). In this 
case, the hard axis reversal of the honeycomb lattice arrays is studied. 
As the field is at 800 Oe (A), the majority of the spins are well aligned along the 
field, with a slight deviation at the close vicinity of the holes. As the field strength is 
reduced, the spins around the central axis (dotted line) of the unit cell gradually rotate 
to the nearest easy axis, in this case 30° away from the positive x direction, as shown 
in state B. The spins between the obliquely positioned neighboring holes also rotate 
away from the field due to the local shape anisotropy. 
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Fig. 6.11 The simulated MR curve for the honeycomb lattice 30-nm-thick Ni80Fe20 
antidot arrays as fields are applied along the x direction (HA). Below the curve are the 
detailed spin states captured at the field strength labeled in the MR response. 
 
Further reducing the field leads to a jump in the curve, which is due to the spins 
between the two nearest holes in the same row switching to the positive y direction, as 
shown in state C. A similar transition was observed in the square lattice geometry at 
similar field range, as shown in Fig. 5.12(a) in chapter 5. As the field reduces to zero 
and increases in the opposite direction, the spins around the central axis continue the 
rotation process, which leads to a higher resistance, as shown in state D. The reverse 
switching occurs from state D to E, causing most of the spins to have a major 
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again a result of the snap change in the spins between two nearest holes in a row. 
Further increase in the field strength slowly aligns the spins along the negative field 
direction, as shown in state H. 
 
Fields applied along the y direction (EA) 
Shown in Fig. 6.12 are the MR curves for fields applied along the y direction and 
the representative magnetic spin states during the reverse field sweep (red trace). In 
this simulation, the field is applied along the easy axis of the honeycomb lattice arrays. 
The micromagnetic simulation reveals a new reversal mechanism for the arrays. 
From spin state I to J before the main reverse switching occurs, the reversal 
process basically involves local spin rotation, which results in a complicated spin 
distribution as shown in state J. After state J, the switching is realized by an 
interesting two step process before the dip in the MR curve is reached. The spin state 
of the intermediate step is shown in state K, where the spins in the center of the cell 
collapse to another easy axis, which is at 30° to the positive x axis. By doing so, the 
Zeeman energy cost of the system is greatly reduced. In the meantime, the spins at the 
upper left side of the cell (indicated by the circle in K) switch to the opposite 
direction.  
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Fig. 6.12 The simulated MR curve for the honeycomb lattice 30-nm-thick Ni80Fe20 
antidot arrays for field applied along the y direction (EA). The detailed spin states 
captured at different field strengths are shown below the curve. 
 
As the field is further increased in the negative direction, the second step occurs 
in the MR curve. We found a vortex core is formed beside the hole at bottom right, as 
shown in state L. This configuration gives rise to the lowest MR observed in the curve. 
The propagation of this magnetic vortex was observed at a higher field, as shown in 
state M. The direction of the propagation is from right to the left side of the cell, and 
during this process the magnetization to the right of the vortex is polarized along the 
field in the negative y direction. The vortex propagation process also causes an 
increase in MR value. Completion of the reverse magnetization is achieved by the 
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annihilation of the vortex, as shown in state N. The mechanism of the easy axis 
reversal for the honeycomb lattice antidot arrays is thus achieved by a combination of 
spin rotation and vortex nucleation, propagation and annihilation. This differs from 
the sole spin rotation mechanism observed from its corresponding hard axis reversal 
in Fig. 6.11 and the square lattice antidot arrays in chapter 5. 
 
6.8.2 Rhomboid Lattice Arrays 
Fields applied along the x direction (EA) 
The simulated MR curves for the 30-nm-thick Ni80Fe20 antidot arrays with 
rhomboid lattice geometry as fields are applied along the x direction are shown in Fig. 
6.13. In this case, the MR curve reflects the easy axis reversal of the arrays. As the 
field is reduced from positive saturation (red curve), we observed a very gradual 
increase in resistance. This increase continues until state B at opposite field, where we 
observe a very strong buckling state of the spins. The transition to the reverse 
magnetization is through a two step process (B-D). In the intermediate state C, the 
lower half of the cell switches to the reverse magnetization, while the upper portion is 
unaffected. The completion of the reversal process for the upper portion is only 
realized at higher field value at state D. Further increase in the field strength will align 
the spins closer to the field direction as shown in state E. 
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Fig. 6.13 The simulated MR curve for the rhomboid lattice 30-nm-thick Ni80Fe20 
antidot arrays for field applied along the x direction (EA). The detailed spin states 
captured at different field strengths are shown below the curve. 
 
Fields applied along the y direction (HA) 
Shown in Fig. 6.14 are the MR curves as field is applied along the y direction and 
the evolution of the magnetic spin states. In this case, the magnetic field is applied 
along the hard axis of the rhomboid lattice arrays. The MR curve of the rhomboid 
lattice arrays here is more complicated than its corresponding easy axis MR curve in 
Fig. 6.13, as it is characterized by a lot more kinks, especially around the reverse 
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Fig. 6.14 The simulated MR curve for the rhomboid lattice 30-nm-thick Ni80Fe20 
antidot arrays for field applied along the y direction (HA). The detailed spin states 
captured at different field strengths are shown below the curve. 
 
As the field changes sign and increases in the negative direction, the spin states 
within the cell could be divided into two groups, as shown in state G. One group is 
along the continuous horizontal stripes, where the spins primarily point along the 
positive x direction. The second group are those areas between the nearest holes with 
spins along the positive y direction. This state is relatively stable until state H, after 
which a subsequent jump of resistance in the MR curve occurs. The jump is due to the 
reverse switching of the cell, as shown in state I. Similar to the spin states in Fig. 6.13, 
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completion of the other half of the cell is not so direct. Again, we observed the 
presence of magnetic vortices facilitating the reversal, as indicated by the two arrows 
in state J. Only after the annihilation of the two vortices do the majority spins point 
along the negative y direction following the field, as shown in state K.  
Similar to the honeycomb lattice arrays, the reversal process of the easy and hard 
axes of the rhomboid arrays was also mediated by different mechanisms. However, 
for the rhomboid lattice arrays, the reversal through a combination of spin rotation 
and magnetic vortices was found in the hard axis, in contrast to the easy axis for the 
honeycomb lattice.  
 
6.9 Summary 
We have investigated the effect of lattice geometry on the magnetic properties of 
the Ni80Fe20 nanoscale antidot arrays. A fourfold magnetic anisotropy for square 
lattice arrays, and a sixfold anisotropy for honeycomb and rhomboid arrays were 
observed, which reflect the symmetry of the lattice. The observation suggests that the 
periodicity of the anisotropy distribution in the film can be engineered by varying the 
symmetry order of the antidot lattice. The microscopic origin responsible for the 
anisotropy distribution was studied by micromagnetic simulations of remanent states. 
The magnetic hysteresis loops show that the magnetization reversal process is very 
sensitive to the lattice arrangement of the holes. For the transport measurements, we 
found that the current density is modulated periodically according to the arrangement 
of the holes, and the magnetoresistance behavior is strongly sensitive to the lattice 
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geometry. The transport properties for the honeycomb and rhomboid lattice arrays 
were further studied using transverse electrical contact geometry, and it was found 
that the transverse current density distribution is strongly modified as compared to 
the longitudinal current. The evolution of the spin states for the honeycomb and 
rhomboid lattice arrays was studied using the OOMMF simulation, and a new 
reversal mechanism, magnetic vortex nucleation and annihilation, was found to play 
an important role in mediating the reversal process for both of the arrays. 
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This chapter covers the study of the magnetic and transport properties of 
multilayer antidot nanostructures, which consist of Ni80Fe20 and Co ferromagnetic 
layers separated by a Cu spacer layer. It was observed that the magnetization reversal 
processes are markedly dependent on spacer layer thickness due to the interplay of the 
different interlayer coupling mechanisms. The transport properties of the antidot 
arrays typically show a superposition of anisotropic and giant magnetoresistance 
effects, and the relative magnitude of the two effects is strongly sensitive to the spacer 
layer thickness. This is completely different from the observations in the 
corresponding continuous films. 
Advances in nanofabrication techniques have stimulated growing interest in 
patterned magnetic antidot structures. While a lot of research has been focused on 
single layer ferromagnetic antidot nanostructures, to-date very little data is available 
on their multilayer counterparts [104, 107]. However, the large surface area present at 
the edges of the antidot arrays could induce edge charges, which provide us with a 
unique model to study the magnetostatic interaction between the magnetic layers. The 
spin-dependent transport mechanism in the multilayer structure is also dramatically 
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different from the single layer structure, as the magnetoresistance signals are strongly 
influenced by the relative spin orientation between the adjacent ferromagnetic layers 
(Giant MR (GMR) or Tunneling MR effect). So it is interesting to study the 
magnetoresistance behavior in the multilayer antidot structures. 
Hylton et al. [107] studied the GMR effect in patterned NiFe/Ag multilayers for 
both arrays of dots and antidots of micron size, and they observed an increase in the 
GMR after patterning the antidot arrays, but the degree of antiferromagnetic order in 
the antidot arrays is substantially less than that in the dot arrays. In the study of 
NiFe/Cu/CoFe antidot arrays prepared using porous anodic alumina substrates by 
Castaño et al. [104], it was found that the GMR ratio of the patterned films is of a 
similar magnitude to that of the unpatterned film, and shares the symmetry of the 
substrate.  
In this chapter, a systematic investigation has been conducted on the magnetic and 
transport properties of pseudo-spin-valve nanoscale antidot structures consisting of 
Co (30 nm) / Cu (tCu nm)/ Ni80Fe20 (30 nm), fabricated using deep ultra-violet 
lithography followed by liftoff process. It will be shown that both the magnetic 
properties and transport mechanisms are strongly dependent on copper spacer layer 
thickness. 
 
7.2 Experimental Processes 
The same resist templates used in chapter 6 for the square lattice arrays are used 
for the investigation of multilayer antidot structures. To convert the resist patterns into 
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antidots, multilayer structures, Co (30 nm) / Cu (tCu nm)/ Ni80Fe20 (30 nm), were then 
deposited using e-beam evaporation technique. The spacer thickness, tCu, was varied 
from 2 nm to 30 nm, as illustrated in Fig. 7.1. 
 
 
Fig. 7.1 The schematic illustration for the composition of multilayer antidot arrays 
  
The pressure was maintained at 2 x 10-6 Torr during deposition, while the 
deposition rate was kept at 0.3  Å/s. Single layer antidot arrays of Co (30 nm) and 
Ni80Fe20 (30 nm) were also deposited under similar conditions for comparison with 
the multilayer structures. Liftoff of the deposited film was carried out in IPA. 
Completion of the liftoff process was determined by the color contrast of the 
patterned area. In order to probe the transport properties of the fabricated antidot array 
structures, electrical contacts were made to the samples using standard optical 
lithography, metallization, and liftoff of Cr (10 nm) /Au (300 nm). For MR 
measurements, a dc current was passed along the x direction, and the resistance was 
recorded automatically as the in-plane magnetic field was swept. Magnetic hysteresis 
loops were obtained using a vibrating sample magnetometer at room temperature. 
 
 
Co (30 nm) 
Ni80Fe20 (30 nm) 
Cu ( tCu: 2 nm~30 nm) 
x
y 
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7.3 Magnetic Hysteresis Measurements 
7.3.1 Easy Axis Magnetic Hysteresis Loops 
Shown in Fig. 7.2 are representative hysteresis loops for fields applied along the 
effective easy axis of the square lattice antidot arrays as a function of Cu spacer layer 
thickness. The loops are strongly dependent on the thickness range due to the different 
coupling mechanisms that mediate the magnetization reversal processes.  
 
Fig. 7.2 Representative magnetic hysteresis loops of Co (30 nm) / Cu (tCu nm)/ 
Ni80Fe20 (30 nm) antidot nanostructures as a function of Cu spacer layer thickness (tCu) 
for fields applied along the easy axis. The magnetic hysteresis loops from single layer 
Ni80Fe20 ([) and Co (+) antidot nanostructures, and the interpolated loop (T) 
assuming no coupling between the two FM layers are shown as inset. 
 
For tCu = 2 nm, the two FM layers switch nearly in unison with a sharp transition, 
having a similar shape to the response from a single layer Co or Ni80Fe20 antidot film 
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coupling through the Cu spacer layer. As tCu increases to 5 nm, the strength of 
exchange coupling becomes weaker, and the antidot film switches to the reverse 
magnetization through a two-step switching, which is initiated by the switching of the 
soft layer (Ni80Fe20) followed by the hard layer (Co). We also observed a dramatic 
decrease in the onset of the switching field of the Ni80Fe20 layer from 170 Oe (tCu = 2 
nm) to 108 Oe (tCu = 5 nm). This could be attributed to the influence from the 
magnetostatic coupling between the two FM layers due to the stray field from the 
edge of the holes, as the interlayer magnetostatic interaction favors an 
antiferromagnetic order. For tCu = 10 nm, the antidot film is effectively exchange 
decoupled due to the short-range nature of the exchange interaction, and the onset 
switching field of the Ni80Fe20 layer is reduced again to 62 Oe due to magnetostatic 
coupling. Further increase in tCu to 15 nm weakens the magnetostatic coupling, and 
causes an increase of the onset switching field to 82 Oe. For tCu = 30 nm, the reversal 
of the two layers are almost independent as evident by the two sharp transitions 
separated by a relatively stable plateau, which corresponds to an anti-parallel spin 
alignment between the FM layers, as illustrated by the spin states of both the Co and 
Ni80Fe20 layer. At this thickness, the shape of the hysteresis loop resembles that of the 
interpolated loop shown in the inset, where no coupling effect is assumed. 
 
7.3.2 Hard Axis Magnetic Hysteresis Loops 
The corresponding hysteresis loops for fields applied along the hard axis of the 
antidot arrays are shown in Fig. 7.3. 
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Fig. 7.3 Representative magnetic hysteresis loops of the Co (30 nm) / Cu (tCu nm)/ 
Ni80Fe20 (30 nm) antidot arrays as a function of tCu for fields applied along the hard 
axis. The magnetic hysteresis loops from single layer Ni80Fe20 ([) and Co (+) antidot 
nanostructures, and the interpolated loop (T) assuming no coupling between the two 
FM layers are shown as inset. 
 
These loops are markedly different from the easy axis loops in Fig. 7.2 and are 
generally characterized by low squareness and gradual reverse magnetization reversal. 
Compared with easy axis hysteresis loops, the coercivities of the hard axis loops are 
typically smaller for the same spacer layer thickness, and the onset of the Co layer 
switching could not be easily identified from the curves for all the thicknesses. Thus, 
it was not possible to separate the magnetization reversal contribution of each 
individual layer. However, the strong dependence of the detailed curve shapes and 
coercive field on the spacer layer thickness resulting from the competition between 
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7.4 Magnetotransport Measurements 
7.4.1 MR Responses for Fields Applied along the Easy Axis 
In order to understand the transport mechanism in the multilayer square lattice 
antidot nanostructures, MR measurements were performed. Shown in Fig. 7.4 are the 
representative MR curves for fields applied along the easy axis as a function of Cu 
spacer layer thickness.  
 
Fig. 7.4 Normalized MR curves for the Co (30 nm) / Cu (tCu nm)/ Ni80Fe20 (30 nm) 
antidot arrays as a function of tcu for fields applied along the easy axis of the arrays. 
The MR curve for tcu = 2 nm is reproduced in the inset together with the 
corresponding MR curve ([) for the single layer Ni80Fe20 antidot arrays.  
 
For tCu = 2 nm, the synchronized reversal of the two FM layers leads to a typical 
anisotropic MR (AMR) response with a maximum MR ratio of about 0.14%. The 
shape of the curve is similar to the single layer 30-nm-thick Ni80Fe20 antidot film, as 
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governed by the giant magnetoresistance (GMR) effect at low field, and the GMR 
ratio is significantly dependent on the spacer layer thickness. The highest MR ratio of 
1.8% occurs for tCu = 5 nm and it gradually decreases for larger tCu. One of the 
reasons for the decrease is the current shunting effect by the Cu layer. In addition, it 
has been suggested by Rijks et al. [108] that the variation in transmission without 
scattering for polarized electrons through the spacer layer drops with increasing tCu. 
Another noticeable difference among the curves is the sharpness of the peaks, which 
signifies the stiffness of holding anti-parallel spin alignment during the magnetization 
reversal processes. As the spacer layer becomes thicker, the peaks become wider and 
flatter, which can be correlated to the kinks in the magnetic hysteresis loops in Fig. 
7.2.  
 
7.4.2 MR Responses for Fields Applied along the Hard Axis 
We also performed the longitudinal MR (LMR) measurements (corresponding to 
fields applied along the x direction) and transverse MR (TMR) measurements 
(corresponding to fields applied along the y direction) for the different trilayer 
structures. Shown in Fig. 7.5 are the representative LMR and TMR curves as a 
function of spacer layer thickness. The MR curves are characterized by the interplay 
of the AMR and GMR effect resulting in an interesting evolution of transport 
properties.  
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Fig. 7.5 Longitudinal MR (LMR) and transverse MR curves (TMR) of the Co (30 nm) 
/ Cu (tCu nm)/ Ni80Fe20 (30 nm) antidot arrays as a function of tcu. The red and blue 
dots represent the backward and forward sweeping loops of the LMR curves, while 
the green and black dots similarly represent the respective loops of the TMR curves. 
The inset in (b) shows the sketch for the simplified spin state at the field where peak 
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For tCu = 2 nm, we observed two distinct minima in the LMR curve at low field 
arising from the AMR effect, as depicted in Fig. 7.5(a). For tCu = 5 nm, however, the 
GMR effect reverses the sign of LMR curve completely, giving rise to a high 
resistance at low field, as shown in Fig. 7.5(b). The AMR component, though small in 
magnitude, still leaves its traces in the form of a small valley before the onset of the 
peaks. As tCu is increased further, the valley becomes deeper and starts to shift further 
to the reverse field, which reveals an increasing AMR effect in the LMR curves. 
The TMR curves can also be explained using a combination of AMR and GMR 
effects. For tCu = 2 nm, as expected, the TMR curve is characterized by a bell-like 
shape curve with two peaks at low field due to the AMR effect. For tCu = 5 nm in (b), 
in contrast to the corresponding LMR curve, which exhibits only two peaks, the TMR 
curve features multiple peaks. By tracing the curve as the magnetic field is swept 
from negative saturation to the positive (black dots), we observed three peaks (P1 to 
P3) at fields of -440 Oe, 105 Oe, and 526 Oe respectively. The occurrence of P1 and P3 
may be attributed to the different spin orientation of the two FM layers in response to 
the high demagnetizing field at hole edges, as illustrated in a simplified spin state 
configuration in Fig. 7.5(b). Peak P2 results from the GMR effect due to the reverse 
magnetization in the Ni80Fe20 layer, which also causes a peak at the same field in the 
corresponding LMR curve. We, however, observed no significant change in resistance 
around the fields at P1 and only a slight bump at P3 in the LMR curve. A similar 
discrepancy is also found for larger spacer thickness shown in Fig. 7.5(c) to (e). This 
appears to be strange at first glance because the magnetization reversal processes in 
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the LMR and TMR measurements are virtually equivalent due to the array symmetry 
and the GMR effect is independent of the current direction. In order to understand this 
discrepancy, we have considered the effect of inhomogeneous current density 
distribution in the antidot arrays, as illustrated in the inset of Fig. 7.5(c), which is also 
observed in chapter 6. Since MR is only sensitive to magnetization in the current path, 
the spin configuration (inset of Fig. 7.5(b)) responsible for P1 and P3 results in a much 
reduced GMR effect in the LMR measurement.  
The interplay between AMR and GMR also has great impact on the shape of the 
TMR curves as the spacer layer thickness is varied. With increasing tCu, the amplitude 
of P1 and P3 generally decreases, and for tCu = 30 nm, the trace of P1 disappears 
completely as we observed a monotonic increase in resistance before the external field 
changes sign. In contrast, P2 has an increased magnitude with tCu, and remains as the 
global maxima in the curves. 
To examine more closely the relative strength of the GMR and AMR effect, we 
evaluated the ratio (L) of ∆RGMR and ∆RAMR. ∆RGMR is the difference between the 
highest peak and the saturation LMR, while ∆RAMR is the difference between LMR 
and TMR at saturation, as demarcated in figure 7.5(d). It can be seen that the relative 
strength of GMR is highest for tcu = 5 nm with a ratio of 1.072, and decreases to about 
0.44 for tcu = 30 nm as shown in the inset of Fig. 7.5(e). This implies that the 
contribution from the GMR to the overall resistance of the antidot arrays is very 
sensitive to the Cu spacer layer thickness. As tCu increases, the GMR contribution is 
significantly decreased when compared with the AMR effect. 
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7.5 MR Responses from Continuous Multilayer Films 
 
Fig. 7.6 Longitudinal MR (LMR) and transverse MR curves (TMR) for the Co (30 nm) 
/ Cu (tCu nm)/ Ni80Fe20 (30 nm) continuous multilayer films, deposited at the same 
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The MR responses from the continuous trilayer films deposited at the same time 
as the respective antidot arrays presented in Fig. 7.5 were also measured. In contrast 
to the antidot arrays, we observed that for tCu ≤ 15 nm, the longitudinal MR resistance 
of the continuous film is dominated by AMR effect, and the onset of positive GMR 
peaks was only noticed for tCu = 30 nm as shown in Fig. 7.6.  
This observation is very interesting as it reveals that GMR effect could be 
induced by the introduction of hole defects into the continuous film. The origin of this 
induced GMR may be attributed to the high differential coercivity between the Co and 
Ni80Fe20 antidot FM layers, which can be clearly seen (94 Oe) from the interpolated 
easy axis magnetic hysteresis loops shown in Fig. 7.7.  
 
Fig. 7.7 Magnetic hysteresis loops of the Co (30 nm) / Cu (tCu nm)/ Ni80Fe20 (30 nm) 
antidot arrays for tcu = 30 nm (•) and the interpolated loop (T) as fields applied along 
EA. These two curves are reproduced from Fig. 7.2. The hysteresis loops of the 
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In addition, the strong magnetostatic coupling between the two FM layers due to 
the magnetic charges in the vicinity of the holes helps to stabilize the anti-parallel 
relative spin alignment, and thus enhance the GMR effect. The magnetostatic 
interactions between the two FM layers are essential for the observation of the GMR 
effect based on our experimental results. For tCu = 2 nm, there is a strong exchange 
interaction between the two antidot FM layers, resulting in only an AMR effect. This 
can be ascribed to the fact that the anti-parallel relative alignment of magnetization 
between the two FM layers cannot be stabilized. As the spacer layer thickness is 
increased, the exchange interaction is negligible and the long range magnetostatic 
interactions, which promote an anti-parallel spin alignment, dominate between the 
two FM layers. As shown in Fig. 7.7, for tcu = 30 nm in the antidot arrays, the 
differential coercivity is increased to 128 Oe as compared with the interpolated loop. 
The increase can be attributed to the effect of magnetostatic coupling causing an early 
reversal of the Ni80Fe20 layer. The suppression of the GMR effect in the continuous 
film could be attributed to the small differential coercivity and the lack of surface area 
for the magnetostatic coupling, so that it is difficult to achieve a stable anti-parallel 
alignment between the two FM layers. This can be seen in the hysteresis loops 
obtained from the continuous multilayer films for tCu = 15 nm and 30 nm in Fig. 7.7. 
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7.6 Summary 
We have investigated the magnetic and transport properties of nanoscale 
multilayer antidot arrays, fabricated using DUV lithography. It was found that the 
spacer layer thickness greatly influences the magnetization reversal processes due to 
the mediation of different interlayer coupling mechanisms. For spacer layers more 
than 2 nm, the MR behavior is dominated by GMR effect, the magnitude of which is 
also strongly dependent on the spacer layer. The corresponding continuous multilayer 
films, however, exhibit a different MR response, as the onset of the GMR effect was 
only observed for spacer layer thickness at 30 nm. 
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8 
Conclusion and Outlook 
 
In the course of this study, a unique class of magnetic structure called antidot 
arrays has been successfully fabricated from the micrometric scale down to the deep 
submicron regime and systematically studied. I have fabricated large area arrays of 
micron-size antirectangles with varying interhole spacing using UV lithography and 
liftoff techniques. In order to interpret the magnetoresistance results from those arrays, 
advanced electron beam lithography was used to design a series of antirectangular 
arrays with customized structure and dimensions. Antidot arrays with nanometer hole 
size were fabricated using deep UV lithography. An optimized deposition technique 
especially useful for the nanostructures was developed to transfer the pattern. By 
modifying the sample holder, we are able to reduce the side wall coating significantly. 
The magnetic properties of these antidot structures have been characterized using 
vibrating sample magnetometer and magnetic force microscopy. The spin dependent 
transport properties were studied by dc magnetoresistance measurements. To correlate 
the experimental data with theoretical prediction, I also performed extensive computer 
simulations, such as the finite element modeling for the current density distribution, 
MATLAB simulations, micromagnetic and magnetoresistance simulations. The 
behaviors of the various antidot arrays have been investigated using a combination of 
these characterization techniques and simulations. 
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Firstly, the question of how the inter hole spacing affects the magnetic properties 
of antirectangular structures was addressed. With the reduction in the inter hole 
spacing, the antirectangular films were observed to become magnetically “harder”, 
displaying a marked increase in coercivity due to magnetic domain wall pinning, 
which is in agreement with our quasi-static magnetic force microscopy images at 
remanence. The shape of the magnetic hysteresis loops was found to be strongly 
dependent on the inter hole spacing and field orientation. The presence of holes also 
gives rise to a novel MR behaviour regardless of the spacing used, the sign of which 
is exactly the opposite of the corresponding response obtained from the continuous 
film. 
Secondly, the role of current inhomogeneity in determining the MR behavior of 
the antirectangular arrays was investigated. Control of the current density distribution 
in antidot arrays was found to provide a new way to engineer the MR response. From 
the experimental MR studies on both large and small area antirectangular arrays and 
the simulations using the resistor network model, various parameters that can be 
utilized to determine the shape and sign of the MR responses were identified. 
Thirdly, the transport study of nanoscale Ni80Fe20 antidot arrays with square 
lattice geometry has demonstrated that the MR measurement is clearly extendable to 
the nanoscale regime for probing the magnetization reversal process of complex 
magnetic structures. Compared with continuous films, a dramatic increase in 
switching field of the antidot structures due to the local modification of the spin 
configurations was observed. The effect of antidot film thickness for a fixed lateral 
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geometry on the MR response was investigated, and the reversal process of the antidot 
arrays is markedly dependent on the film thickness. The experimental results were 
further verified by the magnetic hysteresis measurements and the micromagnetic 
simulations, which show good agreement with the experimental MR data. 
Fourthly, tailoring the antidot lattice geometry has been demonstrated as a means 
of modifying the magnetic anisotropy distribution in the antidot nanostructures. For 
an antidot array with a square lattice, a fourfold magnetic anisotropy with alternating 
hard and easy axis at every 45º was observed. The honeycomb and rhomboid antidot 
lattice both show a sixfold anisotropy conforming well to the symmetry of their 
respective lattices. From the detailed study of the micromagnetic simulation, magnetic 
hysteresis loops, magnetotransport measurements and simulations, the effect of 
antidot lattice geometry is also evident in determining the remanent spin states and 
coercivity of the antidot film, current density distribution in the arrays, the shape of 
the MR curves, and the magnetization reversal mechanisms. 
Finally, the knowledge acquired from the systematic study of single layer 
nanoscale antidot arrays enabled us to further investigate the magnetic and transport 
properties of multilayer antidot nanostructures. The multilayer antidot structure 
consists of Co (30 nm) / Cu (tCu nm)/ Ni80Fe20 (30 nm), and the spacer thickness tCu 
was varied from 2 nm to 30 nm. The magnetization reversal processes were observed 
to be markedly dependent on tCu due to the interplay of the exchange interaction and 
the magnetostatic coupling between the two ferromagnetic layers. The transport 
properties of the antidot arrays typically show a superposition of anisotropic and giant 
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magnetoresistance effects, and the relative magnitude of the two effects is strongly 
sensitive to tCu. The MR behavior observed from the antidot arrays is completely 
different from the corresponding continuous films, where the onset of GMR effect 
was only noticed for tCu = 30 nm. 
 
Future work 
In this thesis, various novel findings have been observed from our antidot arrays. 
However, there are still some interesting aspects that are worth further attention and 
exploration. Here, four possible directions are presented. 
Firstly, the effect of the interhole separation in the antidot arrays with different 
lattice geometries can be further explored. Given the fact that in a diluted antidot array, 
where the antidots are effectively isolated from each other, the domain patterns 
around the holes are completely different from the closely packed antidot arrays, it is 
interesting from a fundamental point of view to look into the evolution of such 
changes by progressively varying the interhole spacing. Although some researchers 
have attempted the magnetic domain observations as a function of interhole spacing 
on the square lattice antidot arrays [41], there have not been any systematic studies of 
other lattice geometries such as honeycomb and rhomboid geometries. 
Secondly, the composition of the antidots could be of some other magnetic 
material instead of hollow holes, as shown in Fig. 8.1. As a result, the magnetization 
reversal process in the system could be dramatically modified due to the interaction 
between filling material and the matrix material. Moreover, if the filling material is 
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conducting, the current density distribution would be completely different from the 
case of empty holes. Though micromagnetic simulations [97] have predicted some 
interesting MR behaviors for this possibility, there has not been any experimental 
validation. 
 
Fig. 8.1 Illustration for the antidot structures with materials filling the holes. 
 
Thirdly, the MR simulations conducted in this thesis assume a uniform current 
density distribution for the simplicity of calculation. The more complicated current 
density distribution in the actual antidot structures is not considered in detail. An 
example for the square lattice antidot arrays is as illustrated in Fig. 8.2. 
 
Fig. 8.2 The uniform current density distribution model (left, reproduced from Fig. 
5.11) assumed for the MR simulation of the square lattice antidot arrays could be 
replaced by the actual current density distribution (right, extracted from Fig. 5.3) for 
more realistic MR modeling. 
 
This simplification results in some discrepancy from the experimental MR curves, 
such as the interesting high-field sloping behavior observed in Fig. 5.4. A more 
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realistic MR modeling for our antidot arrays could be achieved by the integration of 
the simulation data from the current density distribution and the micromagnetic 
simulations. 
Lastly, the study of detailed spin configurations for the nanoscale antidot arrays 
presented in this thesis is still dependent on the micromagnetic simulations. A direct 
experimental verification will complement the interesting results obtained from our 
novel antidot arrays. Although we have successfully obtained clear MFM images from 
the micronscale antidot arrays, clear contrast has not been captured from these 
nanoscale antidot arrays. The weak contrast problem in MFM images associated with 
antidot arrays is not uncommon and has also been pointed by P. Vavassori [109]. An 
obvious approach to improve the direct observation on the magnetic domain is by 
improving the sensitivity of the MFM scanning through more sensitive MFM tips and 
electrical control mechanism. Other advanced techniques such as Lorentz 
transmission electron microscopy [24] and X-ray magnetic circular dichroism [41] 
can also be used for the study of the magnetic domain imaging in our antidot arrays. 
Moreover, the experimental study of magnetic spin states can be further facilitated by 
an in-situ applied magnetic field [23]. With the add-on of the in-situ magnetic field to 
the domain observation techniques, one would be able to map the experimental MR 
and magnetic hysteresis curves to the specific spin states. The spin states such as the 
interesting vortices states predicted by the micromagnetic simulations in section 6.8 
can also be verified experimentally.  
 
                                                                        177 
 
  Bibliography   
 
[1]  C. A. Ross, Annu. Rev. Mater. Res. 31, 203 (2001). 
[2] A. Moser, K. Takano1, D. T. Margulies, M. Albrecht, Y. Sonobe, Y. Ikeda, S. 
Sun and E. E. Fullerton, J. Phys. D: Appl. Phys. 35, R157 (2002). 
[3] J. M. Slaughter, R. W. Dave, M. DeHerrera, M. Durlam, B. N. Engel, J. 
Janesky, N. D. Rizzo, and S. Tehrani, J. Supercond. 15, 19 (2002). 
[4]  R. P. Cowburn and M. E. Welland, Science 287, 1466 (2000). 
[5]   D. A. Allwood, G. Xiong, M. D. Cooke, C. C. Faulkner, D. Atkinson, N.  
  Vernier, R. P. Cowburn, Science 296, 2003 (2002). 
[6]   G. Csaba, W. Porod, and Á. Csurgay, Int. J. Circ. Theor. Appl. 31, 67 (2003). 
[7]  A. Imre, G. Csaba, L. Ji, A. Orlov, G. H. Bernstein, and W. Porod, Science 
 311, 205 (2006). 
[8]   C. Shearwood, S. J. Blundell, M. J. Baird, J. A. C. Bland, M. Gester. H. 
 Ahmed, and H. P. Hughes, J. Appl. Phys. 75, 5249 (1994). 
[9]  A. Fert and L. Piraux, J. Magn. Magn. Mater. 200, 338 (1999). 
[10]  S. Goolaup, N. Singh, A. O. Adeyeye, V. Ng, and M. B. A. Jalil, Eur. Phys. 
 J.B 44, 259 (2005). 
[11]  R. P. Cowburn, J. Phys. D: Appl. Phys. 33, R1 (2000). 
[12]  J. K. Ha, R. Hertel, and J. Kirschner, Phys. Rev. B 67, 224432 (2003). 
 
Bibliography 
    178
[13]  S. Goolaup, N. Singh and A. O. Adeyeye, J. Phys.: Appl. Phys. 38, 2749  
  (2005). 
[14] M. Kläui, J. Rothman, L. Lopez-Diaz, C. A. F. Vaz, and J. A. C. Bland, and Z. 
Cui, Appl. Phys. Lett. 78, 3268 (2001). 
[15]  F. J. Castaño, C. A. Ross, A. Eilez, W. Jung, and C. Frandsen, Phys. Rev. B 69, 
144421 (2004). 
[16]  J. Wang, A.O. Adeyeye and N. Singh, Appl. Phys. Lett. 87, 262508 (2005). 
[17]  R. P. Cowburn, A. O. Adeyeye, and J. A. C. Bland, J. Magn. Magn. Mater. 
 173, 193 (1997). 
[18]   J. A. Barnard, A. Butera, H. Fujiwara, V. R. Inturi, J. D. Jarratt, T. J. Klemmer, 
 T. W. Scharr, and J. L. Weston, J. Appl. Phys. 81, 5467 (1997). 
[19]  K. Liu and C. L. Chien, IEEE. Trans. Magn. 34, 1021 (1998). 
[20]  W. Y. Lee, H. T. Leung, W. Zhang, Y. B. Xu, A. Hirohata, C. C. Yao, B.-Ch. 
 Choi, D. B. Hasko, and J. A. C. Bland, IEEE. Trans. Magn. 35, 3475 (1999). 
[21]  A. O. Adeyeye, J. A. C. Bland and C. Daboo, Appl. Phys. Lett. 70, 3164  
  (1997). 
[22]  U. Welp, V. K. Vlasko-Vlasov, G. W. Crabtree, C. Thompson, V. Metlushko, 
 and B. Ilic, Appl. Phys. Lett. 79, 1315 (2001). 
[23]  C. T. Yu, H. Jiang, L. Shen, P. J. Flanders, and G. J. Mankey, J. Appl. Phys. 
 87, 6322 (2000). 
[24]  I. Guedes, N. J. Zaluzec, M. Grimsditch, V. Metlushko, P. Vavassori, B. Ilic, 
 P. Neuzil, and R. Kumar, Phys. Rev. B 62, 11719 (2000). 
Bibliography 
    179
[25]  A. Yu. Toporov, R. M. Langford, and A. K. Petford-Long, Appl. Phys. Lett. 
 77, 3063 (2000). 
[26]  Jian-Gang Zhu and Hao Fang, IEEE. Trans. Magn. 34, 1609 (1998). 
[27]  R. P. Cowburn, A. O. Adeyeye, and J. A. C. Bland, Appl. Phys. Lett. 70, 2309 
  (1997). 
[28]  L. Torres, L. Lopez-Diaz, O. Alejos, J. Iñiguez, Phys. B 275, 59 (2000). 
[29]  P. Vavassori, V. Metlushko, R. M. Osgood III, M. Grimsditch, U. Welp, G. 
 Crabtree, Wenjun Fan, S. R. J. Brueck, B. Ilic, and P. J. Hesketh, Phys. Rev. B 
 59, 6337 (1999). 
[30]  I .Ruiz-Feal, L. Lopez-Diaz, A. Hirohata, J. Rothman, C. M. Guertler, J. A. C. 
 Bland, L. M. Garcia, J. M. Torres, J. Bartolome, F. Bartolome, M. Natali, D. 
 Decanini, Y. Chen  J. Magn. Magn. Mater. 242-245, 597 (2002). 
[31]   Z. L. Xiao, Catherine Y. Han, U. Welp, H. H. Wang, V. K. Vlasko-Vlasov, 
 W.K. Kwok, D. J. Miller, J. M. Hiller, R. E. Cook, G. A. Willing, and G. W. 
 Crabtree, Appl. Phys. Lett. 81, 2869 (2002). 
[32]  A. A. Zhukov, A. V. Goncharov, P. A. J. de Groot, P. N. Bartlett, and M. A. 
 Ghanem, J. Appl. Phys. 93, 7322 (2003). 
[33]  A. A. Zhukov, M. E. Kiziroglou, A. V. Goncharov, R. Boardman, M. A. 
 Ghanem, M. Abdelsalam, V. Novasad, G. Karapetrov, X. Li, H. Fangohr, C. 
 H. de Groot, P. N. Bartlett, and P. A. J. de Groot, IEEE. Trans. Magn. 41, 
 3598 (2005). 
Bibliography 
    180
[34]  W. Y. Lee, B.-Ch. Choi, Y. B. Xu, and J. A. C. Bland, Phys. Rev. B 60, 10216 
  (1999). 
[35]  P. Vavassori, G. Gubbiotti, G. Zangari, C. T. Yu, H. Yin, H. Jiang, and G. J. 
 Mankey, J. Magn. Magn. Mater. 242-245, 585 (2002). 
[36]  T. A. Moore, G. Wastlbauer, J. A. C. Bland, E. Cambril, M. Natali, D. 
 Decanini, and Y. Chen, J. Appl. Phys. 93, 8746 (2003). 
[37]  A. Pérez-Junquera, J. I. Martín, M. Vélez, J. M. Alameda, J. V. Anguita, F. 
 Briones, E. M. González, and J. L. Vicent, Nanotechnology 15, S131 (2004). 
[38]   M. F. Lai, Z. H. Wei, J. C. Wu, C. R. Chang, N. A. Usov, I. Chang, and J. Y. 
 Lai, IEEE. Trans. Magn. 41, 953 (2005). 
[39]  A. Yu. Toporov, Tech. Phys. 47, 1199 (2002). 
[40]  N. Owen, H. Y. Yuen, and A. Petford-Long, IEEE. Trans. Magn. 38, 2553  
  (2002). 
[41]  L. J. Heyderman, F. Nolting, and C. Quitmann, Appl. Phys. Lett. 83, 1797 
 (2003); J. Appl. Phys. 95, 6651 (2004). 
[42]   Kai Liu, Shenda M. Baker, Mark Tuominen, Thomas P. Russell, and Ivan K. 
 Schuller, Phys. Rev. B 63, 060403 (2001). 
[43]   C. T. Yu, M. J. Pechan, and G. J. Mankey, Appl. Phys. Lett. 83, 3948 (2003); J. 
 Appl. Phys. 95, 6648 (2004). 
[44]  A. Vovk, L. Malkinski, V. Golub, S. Whittenburg, C. O’Connor, J. S. Jung, 
 and S. H. Min, J. Appl. Phys. 97, 10J506 (2005). 
Bibliography 
    181
[45]  D. R. Lee, G. Srajer, M. R. Fitzsimmons, V. Metlushko, and S. K. Sinha, Appl. 
Phys. Lett. 82, 82 (2003). 
[46]  M. Grimsditch, I. Guedes, P. Vavassori, B. Ilic,  P. Neuzil, and R. Kumar, J. 
 Appl. Phys. 89, 7096 (2001). 
[47]  S. McPhail, C. M. Gurtler, J. M. Shilton, N. J. Curson, and J. A. C. Bland, 
 Phys. Rev. B 72, 094414 (2005). 
[48]  L. Torres, L. Lopez-Diaz, and J. Iñiguez, Appl. Phys. Lett. 73, 3766 (1998); J. 
 Appl. Phys. 85, 6208 (1999). 
[49]  J. Guo and M. B. A. Jalil, J. Appl. Phys. 93, 7450 (2003). 
[50]  J. M. Torres Bruna, J. Bartolome, L. M. Garcia Vinuesa, F. Garcia Sanchez, J. 
 M. Gonzalez, and O. A. Chubykalo-Fesenko, J. Magn. Magn. Mater. 290-291, 
 149 (2005); IEEE. Trans. Magn. 41, 3106 (2005). 
[51]  P. Weiss, Compt. Rend. 143, 1136 (1906). 
[52]  H. J. Williams, R. M. Bozorth, and W. Shockley, Phys. Rev. 75, 155 (1949). 
[53]  E. Fuchs and W. Zinn, J. Appl. Phys. 34, 2557 (1963). 
[54]  B. D. Cullity, Introduction to Magnetic Materials p.243 New York: Wiley  
  (1972). 
[55]  A. O. Adeyeye, J. A. C. Bland, C. Daboo, Jaeyong Lee, U. Ebels, and H. 
 Ahmed, J. Appl. Phys. 79, 6120 (1996). 
[56]  J. A. Johnson, M. Grimsditch, V. Metlushko, P. Vavassori, B. Ilic, P. Neuzil, 
 and R. Kumar, Appl. Phys. Lett. 77, 4410 (2000); J. Appl. Phys. 88, 999 
 (2000). 
Bibliography 
    182
[57]  S. Middelhoek, J. Appl. Phys. 34, 1054 (1963). 
[58]  R. D. McMichael and M. J. Donahue, IEEE. Trans. Magn. 33, 4167 (1997). 
[59]  M. Kläui, C. A. F. Vaz, J. A. C. Bland, L. J. Heydeman, F. Nolting, A. 
 Pavlovska, E. Bauer, S. Cherifi, S. Heun, and A. Locatelli, Appl. Phys. Lett.  
 85, 5637 (2004). 
[60]  Robert C. O’Handley, Modern Magnetic Materials: Principles and 
 Applications p.328 New York: Wiley (2000). 
[61]  H. Barkhausen, Phys. Z. 29, 401 (1919). 
[62]  M. Kersten, Phys. Z. 44, 63 (1943). 
[63]  L. Néel, Cahiers de Phys. 25, 21 (1944). 
[64]  H. J. Williams, Phys. Rev. 71, 646 (1947). 
[65]  L. J. Dijkstra and C. Wert, Phys. Rev. 79, 979 (1950). 
[66]  J. B. Goodenough, Phys. Rev. 95, 917 (1954). 
[67]  J. A. Jatau and E. D. Torre, J. Appl. Phys. 75, 6846 (1994); 78, 4621 (1995). 
[68]  L. L. Diaz and E. D. Torre, J. Appl. Phys. 83, 5933 (1998). 
[69]  W. D. Nix and R. A. Huggins, Phys. Rev. 135, A401 (1964). 
[70]  J. C. Brice, Brit. J. Appl. Phys. 16, 1523 (1965). 
[71]  A. Butera, J. L. Weston, and J. A. Barnard, IEEE Trans. Magn. 34, 1024  
  (1998). 
[72]  J. A. Barnard, H. Fujiwara, V. R. Inturi, J. D. Jarratt, T. W. Scharf, and J. L. 
 Weston, Appl. Phys. Lett. 69, 2758 (1996). 
Bibliography 
    183
[73]  S. A. M Tofail, I. Z. Rahman, and M. A. Rahman, J. Appl. Phys. 91, 7998 
 (2002). 
[74]  P. Vavassori, G. Gubbiotti, G. Zangari, C. T. Yu, H. Yin, H. Jiang, and G. J. 
 Mankey, J. Appl. Phys. 91, 7992 (2002). 
[75]  Y. Gondo and Y. Suezawa, Thin Solid Films 281-282, 496 (1996). 
[76]  R. Coehoorn, J.C.S. Kools, Th. G. S. M. Rijks, and K. –M. H. Lenssen,  
 Philips J. Res. 51, 93 (1998). 
[77]  L. Néel, C. R. Academy of Science 255, 1545 and 1676 (1962). 
 
[78]  T. C. Schulthess and W. H. Butler, J. Appl. Phys. 87, 5759 (2000). 
[79]  M. D. Stiles, J. Magn. Magn. Mater. 200, 322 (1999). 
[80]  P. Bruno, C. Chappert, Phys.Rev.Lett. 67, 1602 (1991). 
[81]  R. W. Cross, Young K. Kim, J. O. Oti, and S. E. Russek, Appl. Phys. Lett. 69, 
 3935 (1996). 
[82]  M. Julliere, Phys. Lett. 54A, 225 (1975). 
[83]  A. Schuhl, F. Nguyen Van Dau, and J. R. Childress, Appl. Phys. Lett. 66,  
 
  2751 (1995). 
 
[84]  W. Thomson, Proc. Roy. Soc. 8, 546 (1857). 
[85]  N. F. Mott., Proc. Royal Soc. London 153A, 699 (1936) 
[86]  J. Smit, Physica 17, 612 (1951) 
[87]  T. R. McGuire, and R. I. Potter, IEEE Trans Magn. MAG-11, 1018 (1975). 
[88]  Baibich, M. N., J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. 
 Etienne, G. Creuzet, A. Friedrich, and J. Chazelas, Phys. Rev. Lett. 61, 2472 
Bibliography 
    184
 (1988). 
[89]  C. Vouille, A. Barthélémy, F. Elokan Mpondo, A. Fert, P. A. Schroeder, S. Y.  
  Hsu, A.Reilly, and R. Loloee, Phys. Rev. B 60, 6710 (1999). 
[90]  E. Tsymbal and D. G. Pettifor, Solid State Phys. 56, 113 (2001). 
[91]  N. Singh, S. Goolaup and A. O. Adeyeye, Nanotechnology 15, 1539 (2004). 
[92]  M. Mukherjee-Roy, N. Singh, S. S. Mehta, y. Kimura, H. Suda, and K. Nagai, 
 J. Microlith. Microfab. Microsyst. 4, 023004 (2005). 
[93]   Craig A.Grimes, Philip L.Trouilloud, Janet K.Lumpp, and Gary C.Bush, J. 
 Appl. Phys. 81, 4720 (1997). 
[94]  A.O.Adeyeye, R. L. White, J. Appl. Phys. 95, 2025 (2004). 
[95]  ANSYS Release No. 5. 7, Swanson Analysis Systems, Inc. Houston, PA  
  (2002). 
[96]  Y. B. Xu, C. A. F. Vaz, A. Hirohata, H. T. Leung, C. C. Yao, and J. A. C. 
 Bland, E. Cambril, F. Rousseaux, and H. Launois, Phys. Rev. B 61, 014901 
 (2000). 
[97]  M. B. A. Jalil, S. L. A.Phoa, S. L. Tan, and A. O. Adeyeye, IEEE Trans. 
 Magn. 38, 2556 (2002). 
[98]  Robert H. Norton, IEEE Trans. Magn. MAG-19, 1579 (1983). 
[99]  C. C. Yao, D. G. Hasko, Y. B. Xu, W. Y. Lee, and J. A. C. Bland, J. Appl. 
 Phys. 85, 1689 (1999). 
[100]  M. J. Donahue and D. G. Porter, http://math.nist.gov/oommf 
[101]  W. F. Brown, Jr., Micromagnetics New York: Krieger (1978). 
Bibliography 
    185
[102]  I. Guedes, M. Grimsditch, V. Metlushko, P. Vavassori, R. Camley, B. Ilic, P. 
 Neuzil, and R. Kumar, Phys. Rev. B. 67, 024428 (2003). 
[103] R. P. Cowburn, A. O. Adeyeye, and M. E. Welland, New J. Phys. 1, 16  
  (1999). 
[104]  F. J. Castaño, K. Nielsch, C. A. Ross, J. W. A. Robinson, and R. Krishnan, 
 Appl. Phys. Lett. 85, 2872 (2004). 
[105]  L. Lopez-Diaz, L. Torres, and J. I. Iñiguez, J. Magn. Magn. Mater. 196-197, 
 805 (1999) 
[106] H. R. Hilzinger and H. Kronmuller, J. Magn. Magn. Mater. 2, 11 (1976). 
[107]  T. L. Hylton, M. A. Parker, K. R. Coffey, J. K. Howard, R. Fontana, and C. 
 Tsang, Appl. Phys. Lett. 67, 1154 (1995). 
[108]  Th. G. S. M. Rijks, R. Coehoorn, J. T. F. Daemen, and W. J. M. de Jonge, J. 
 Appl. Phys. 76, 1092 (1994). 
[109] P. Vavassori, Rivista Del Nuovo Cimento, 25, 1 (2002). 
                                                                        186 
 
  Appendix 
MATLAB Code 
 
The following is the MATLAB simulation code written for the resistor network 
modeling of the antirectangular structure in chapter 4. 
 
% This code is used to predict the LMR behavior of the antirectangular arrays 
% with varying number of longitudinal wires and contact geometry 
% The calculation for the TMR behavior can be similarly calculated using the same concept. 
%In this code the input and out wire(s) directly connected to the electrodes of the 
%antirectangular arrays is(are) at the center of the arrays 
%The number of additional longitudinal wire is assumed to be symmetrical about the input 
%and output wire(s) 
 
clear all; 
ix0=dlmread('ix0.txt','\t'); % Read normalized LMR data 
ix0=ix0/100; % LMR data/100 is the real percentage of LMR ratio 
iy90=dlmread('iy90.txt','\t'); % Read normalized TMR data for the vertical wires 
iy90=iy90/100; % TMR data/100 is the real percentage of TMR ratio 
field=dlmread('field.txt','\t'); % Read the corresponding magnetic field values for the MR data 
 
dimension_of_array=size(iy90); 
% Get the dimension in the array. ix0, iy90, and field are of the same dimension. 
no_of_points=dimension_of_array(1);  
%Get the number of data points 
Rva=1;  
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% Normalized average resistance for the vertical wire  
%between two consecutive junctions (periodic length) at the input and output junctions 
 
Rla=30;  
%average resistance for the single longitudinal wire normalized against Rva 
 
% Computation for the MR value at each field value 
for m=1:1:no_of_points 
half_branch_no=20; % The number of longitudinal wires not connected with the electrodes. 
% For the simplicity of computation we assume these wires are 
%symmetrically distributed about the input and output wires. 
% In this case, the number of these wires ( called  branches)in total are 40. 
series=2;  
% take into account the portion of input and output wire(s)  
% where all the current passes through, before it gets distributed. 
% We assume it is two times of the vertical periodic length. 
input_wire_no=1; % the number of the input and output wires 
R2=Rla*(1+ix0(m)); %longitudinal resistance for the longitudinal wire at certain field 
R2_av=R2/input_wire_no;  
%Averaged horizontal resistance if there is multiple wires connected to electrodes. 
R1=Rva*(Rva+iy90(m)); %Vertical resistance for the longitudinal wire at certain field 
Ri=R2;     %Intermediate parameter for passing values 
curr_i=1;     
%the current in the branch farthest away from input and output wire(s) is set to 1 
%Iteration to calculate the resistance 
for i=1:1:half_branch_no 
      R(i)=Ri+2*R1; %Furtherest branch resistance 
      Ri=R(i)*R2/(R(i)+R2); %second furtherest combined resistance 
       
      if i==half_branch_no 
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         curr(2*i-1)=curr_i;  
         %(2i-1)is the intermediate value for calculation 
      else 
         curr(2*i-1)=curr_i;  
      curr(2*i)=curr(2*i-1)*R(i)/R2;  
      % (2*i) Current in each of the longitudinal wires 
      curr_i=curr(2*i-1)+curr(2*i); 
      end 
end 
 
% We assume the network is symmetric around the input and output wires. 
% The actual branch resistance is halved. 
Branch_resistance=R(i)/2; 
 
% Calculate the total resistance 
% Branch resistance//input and output wire resistance + series resistance 
R_total(m)=series*(1+ix0(m))+Branch_resistance*R2_av/(Branch_resistance+R2_av); 
 
curr(2*i)=curr(2*i-1)*R(i)/R2;   
%current flowing in the individual longitudinal wire (V/R)  
%in the branch or input and output wire(s) 
 
Total_curr=curr(2*i)*input_wire_no+curr(2*i-1)*2;  
%total current flow in the network 
size_curr=size(curr); 
%Size of the array curr 
wire_curr(1)=curr(1); %Furthest branch curr 
for j=1:1:size_curr(2) 
 if mod(j,2)==0 
     wire_curr(j/2+1)=curr(j);  
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save resultant_MR.txt R_final -ASCII -TABS 
% Save LMR data to file 
%plot and save current distribution 
a=size(wire_curr); 
j=a(2):-1:1; 





save current_distribution.txt wire_curr -ASCII -TABS  % Save current distribution to file 
save sequence.txt j -ASCII –TABS % Save sequence of the current to file 
 
